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ABSTRACT 
Two space charge collectors were designed and b u i l t incorporating 
a glass-asbestos medium f o r f i l t e r i n g ions from the a i r , the charge 
being measured using a v i b r a t i n g reed electrometer. These collectors 
were rigorously tested and i t was demonstrated that they collected over 
996% of the small ions i n the a i r at certain flow rates through the 
collectors An analogue-to-digital converter was b u i l t i n order to 
d i g i t a l i s e the information displayed on a l6 point recorder* The unit 
was b u i l t incorporating semiconductors; a voltage from the recorder 
was converted into a frequency which was counted on decatron tubes 
fo r a certain period of time, so that the number registered was w i t h i n 
Yjo of the recorded value- This number was then punched out on paper 
tape and arrangements were made i n order to p r i n t 'space1 and 'carriage 
retu r n - l i n e feed ! into the output* 
Four aspirated psychrometers incorporating thermistors were b u i l t 
i n order to measure the temperature and humidity gradients on a 21 m 
steel l a t t i c e mast. Wind was recorded at 1 m and 17 m and p o t e n t i a l 
gradient i n the surface of the earth and at the top of the mast, 
Results of space charge concentrations on the mast structure show 
that during a period of melting snow a charge separation occurs at the 
ground surface under strong wind conditions. I t was also shown that 
dry blowing snow gives rise to high positive space charge even when the 
snow i s blowing from distant h i l l s . 
Corona space charge was observed to form at trees a f t e r a nearby 
l i g h t n i n g flash and during misty conditions there was a predominance 
i i o 
of negative space charge. Convection cel l s were apparently detected 
under cumulus clouds and i t was observed that charge was transported 
by the a i r circulations withinliieae c e l l s . Perhaps the most impor-
tant result observed was an electrode effe c t due to the mast struc-
ture towards the top. This e f f e c t could completely mask the space 
charge density expected at that l e v e l i f the mast were not there. 
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CHAPTER 1 
IKTR0DUCTI01T 
Late i n the nineteenth century i t became clear that a i r conducts 
el e c t r i c i t y , , Experiments performed by COULOMB i n I785 established 
that when an e l e c t r i c a l l y charged body was exposed i n a i r i t proceeded 
to lose i t s charge. MATTEUCCI (1850) also v e r i f i e d that a i r was a 
conductor of e l e c t r i c i t y , but these discoveries received very l i t t l e 
a t t e n tion u n t i l observations by LUTSS (1887) showed that the conduc-
t i v i t y of a i r varied considerably and was greater i n summer than 
winter. He also pointed out that the positive charge being conducted 
to earth would, inside 10 minutes, neutralise the negative charge on 
the earth* Many suggestions as to why t h i s d i d not happen were made 
and as most of them were refuted several eminent physicists suggested 
modification of the basic laws of physics. However i t now seems 
agreed that thunderstorms supply the negative charge to the earth at 
a rate which balances the positive charge a r r i v i n g during f i n e 
weather. 
Since ELSTER and GEITEL (1899) and C.T.R. WILSON (1900) indepen-
dently discovered the presence of ions, the nature and o r i g i n of these 
charge carriers has been subject to a great number of investigations. 
As ions had been observed to be constantly combining with ions of 
opposite sign there must have been some mechanism f o r t h e i r produc-
t i o n . Elster and Geitel discovered that a i r over land contained 
radio-active matter which was derived from the earth's crust and 
t h i s acted as an ioniser as we l l as the radio-active matter i n 
the surface. 
In the ionising process an energetic p a r t i c l e collides and 
removes an electron from a gas molecule. The re s u l t i n g gas-ion i s 
therefore p o s i t i v e l y charged and the electron soon attaches i t s e l f t o 
a neutral molecule to form a negative ion. Theenergy required to 
produce an ion pa i r i s about eV (electron v o l t s ) and thus consid-
ering a 1 meV j3 p a r t i c l e passing through i t s 10 m path at ground 
l e v e l about 30>000 ion pairs w i l l be produced. 
I n the f i r s t years of the century Elster and Geitel and 
C.T.R. Wilson removed radio-active matter from a quantity of a i r and 
discovered that i t was s t i l l s l i g h t l y conductive. HESS (1911) 
observed, using balloons, that the conductivity increases on r i s i n g 
above the earth. These results eventually led to the discovery of 
some e x t r a - t e r r e s t r i a l ionising rays, the so-called cosmic rays. 
Some of these rays penetrate i n t o the earth's crust and are excellent 
ionisers p a r t i c u l a r l y at high levels. A source of production of ions 
was therefore discovered that would a f f e c t the a i r over both land and 
sea. 
The average rate of ionisation over land and near the earth's 
surface was estimated by HESS (1928) to be about 10 ion pairs cm"3 sec" 
This value was based on an average amount of radio-active matter i n 
the a i r and earth. The concentration of t h i s matter i s quite variable, 
depending on l o c a l conditions, but Hess suggested that the t y p i c a l 
percentages of the t o t a l ionisation produced at t h i s l e v e l were as 
shown i n Table 1* 
TABLE 1 
IONISING BAY nnqMrr 
IONISER n vTvt TOTAL 
a (3 y RAYS 
Radium \ 30 1 1 
Thorium) i n a i r 18 1 - 5 1 
Radium ~) 
Thorium) S O i l " 1 ^ ^ 
Cosmic Rays 16 l6 
h8 3 33 16 loo 
IONISATION OF THE AIR NEAR TO THE EARTH'S SURFACE OVER LAND IN 
PERCENTAGE OF TOTAL ION PAIRS PRODUCED 
Later WOBMELL (1953) summarised the values shown i n Table 2 
as t y p i c a l f o r the number of tons produced and the number present 
i n the lower levels of the atmosphere. 
The values quoted suggest that the conductivity of the a i r over 
the sea i s f a r less than that over land but i t was discovered that 
t h i s was not always the case, and i n one measurement on the out-
s k i r t s of Washington D.C. the value of conductivity was only one-
seventh that at sea. This discrepancy was removed i n 1905 when 
LANGEVIN discovered large ions, which have a much lower mob i l i t y , 
r e s u l t i n g i n lower conductivity. 
I f . 
TABLE 2 
NUMBER OF DNS OF EACH SIGN 
RATE OF PRODUCTION (cm~ 3sec~ 1) NUMBER PRESENT (cm - 3) 
RADIO-ACTIVITY COSMIC RAYS SMALL IONS LARGE IONS 
OCEANIC AIR 0 j/% ?00 200 
COUNTRY AIR 8 2 600 2,000 
CITY AIR 8 2 100 20,000 
NUMBER OF ION PAIRS PRODUCED AND NUMBER PRESENT IN THE LOWER LEVELS 
OF THE ATMOSPHERE 
When ion pairs are formed the gas molecules and free electrons 
w i l l normally combine very quickly at atmospheric pressure, and free 
electrons would have a mobility much greater than that of the observed 
small ions. However the mobility of the ions was found to depend on 
humidity and impurities i n the a i r ; another process must therefore be 
present which reduces the mobility of the ions. 
The small ion consists of a group of some 10 molecules grouped 
around a central charged molecule forming a f a i r l y stable cluster, 
and because of i t s lower mob i l i t y compared t o a single atom must be 
slower i n recombining with ions of the opposite sign. Thus a small 
ion i s formed and i t s m o b i l i t y l i e s between 1 and 2 cm sec" 1 per V cm""'1 
WRIGHT (1936) suggested that the mass of the small ion to be equal t o 
that of 10 or 12 water molecules. 
As water molecules are easily polarised they w i l l probably 
attach themselves t o an ionised molecule i n preference to a neutral 
molecule. CHALMERS (1957) suggested that i f a V-shape i s assumed f o r 
the water molecule and the base of the V contains the negatively 
charged oxygen atom then these w i l l s e t t l e more easily on positive 
ions giving r i s e t o the lower mob i l i t y observed f o r ions of t h i s sign. 
Large ions have m o b i l i t i e s of about l/500 that of the small ions 
and are formed when the molecular ions combine with the nuclei on 
which AITKEN (1880) found moisture t o condense. These condensation 
or Aitken nuclei are composed of a substance soluble i n water as 
condensation w i l l not occur on non-soluble smoke or dust p a r t i c l e s . 
Approximately one-third of the condensation or Aitken nuclei present 
i n the a i r are e l e c t r i c a l l y neutral, the rest carrying nearly equal 
numbers of positive and negative charges captured from small ions* 
I n addition to these large ions the atmosphere may contain 
quantities of charged dust and smoke p a r t i c l e s which are considerably 
larger. These p a r t i c l e s also have the property of greatly reducing 
the conductivity above and surrounding large towns. 
MUHLEISEN (195 )^ carried out dire c t observations on man-made 
space charges and tabulated the following results 
(o 
4) 
POSITIVE NEGATIVE 
Petrol exhaust fumes Open p e t r a l f i r e 
Chimney smoke Open wood f i r e 
Coal Fire Pure water vapour from a 
Steam Engine metal j e t 
6. 
A group of intermediate ions has been observed by POLLOCK (1915) 
some 
and HOGG (1939)• These are comprised of/2000 molecules and can be 
associated with molecules of sulphuric acid from i n d u s t r i a l sources. 
The average l i f e of a small ion varies between 20 sec i n areas 
of high p o l l u t i o n t o 5 min. over the sea, whilst the average l i f e of 
a large ion i s approximately 20 min. over oceans and 60 min. over 
land. 
I t was found by LEMOOTIER i n 1752 that there i s a persistent 
e l e c t r i c f i e l d i n the atmosphere during f a i r weather. Later experi-
ments showed t h i s t o be about 100 vm - 1, with the earth maintaining a 
surface negative charge of approximately 10~9 coulombs (or 6 x 10s 
e cm"a) with respect t o the electrosphere which i s at a varying 
p o t e n t i a l of about 1|00,000 V. 
Many observers with the a i d of balloons have recorded rapid 
decreases of the p o t e n t i a l gradient with height and at 18 Km i t i s 
only l/lOO of i t s value at ground l e v e l . These results show that 
there must be a space charge on which the lines of force end, and 
presumably t h i s i s therefore on ions. This space charge constitutes 
the small difference between the charges carried on positive and 
negative ions. Concentrations of space charge have been observed 
to be of the order of 10-100 ecm~d on the average f o r fair-weather, 
but occasional values of 1000 have been recorded. Under exceptional 
conditions, as i n thunderstorms, concentrations of 10,000 e cm can 
be expected. 
Expressions r e l a t i n g space charge concentration t o the po t e n t i a l 
gradient produced can be deduced using Poisson's equation provided 
the assumption i s made of space charge being uniformally d i s t r i b u t e d 
i n t h i s region and assuming horizontal equipotentials. Considering 
two i n f i n i t e l y long p a r a l l e l conducting planes spaced a f i n i t e dis-
tance apart i n the z di r e c t i o n then Poisson's equation reduces to 
dE dF daV _ _ p_ 
dz dz dz a e 
o 
where e Q i s the p e r m i t t i v i t y of free space, p i s the space charge 
density, V the p o t e n t i a l , F the v e r t i c a l gradient of p o t e n t i a l and 
E the e l e c t r i c f i e l d . 
The space charge i n the atmosphere i s very sensitive t o the 
v e r t i c a l d i s t r i b u t i o n of conductivity* Under quasi-static conditions 
(where instantaneous pictures of the d i s t r i b u t i o n of charge taken at 
d i f f e r e n t times i s the same) the v e r t i c a l conduction current density i 
would be the same at a l l levels and so Ohm's law can be applied. 
Consider a column of cross-section 1 cm"2 stretching up from the 
earth to the electrosphere and l e t i t s resistance be R. I f V i s the 
po t e n t i a l of the electrosphere then V = iR. Assuming that the lowest 
metre has a resistance r and the p o t e n t i a l drop across t h i s i s F then 
L t rV 
F = ^ = T 
But the specific conductivity A = l / r 
. *. F = v/AR 
and i = FA 
8. 
D i f f e r e n t i a t i n g with respect t o a l t i t u d e as both F and "X depend on 
z 
d i 
dz 
dF A + F dz dz 
but d i 
dz 0 
and as Poisson's equation gives p -e — then o 
e F o" dA 
A dz ~W dz 
o dA 
This equation shows that space charge concentration i s very 
dependent on the v e r t i c a l d i s t r i b u t i o n of conductivity- I t i s 
obvious that positive space charge at the ground i s associated with 
conductivity increasing with height and negative space charge at the 
ground associated with conductivity decreasing with height. 
The equation also shows that i n order f o r the normal positive 
space charge t o be present i n the lower atmosphere then the conduc-
t i v i t y must increase with height, and that i n volumes of no space 
charge the conductivity w i l l remain constant. The conductivity i n 
any region thus depends onthe flow of ions i n t o and out of t h i s region 
i n any dir e c t i o n . 
Measurements of p o t e n t i a l gradients on balloons and a i r c r a f t f l i g h t s 
have given results confirming that FX i s constant above the 'Austausch* 
or mixing region but below t h i s , and especially w i t h i n 100 m of the 
earth's surface, results are anomalous. Most observers agree that at 
these levels over the sea the p o t e n t i a l gradient decreases with height 
thus giving r i s e t o a positive space charge, but oyer land varying 
9. 
results are found. The results over the sea could be due to the 
"Electrode E f f e c t " which can be explained as follows. 
Consider a v e r t i c a l cylinder i n s t i l l a i r and positive p o t e n t i a l 
gradient with i t s lower end on the ground and l e t F m and F^ , be the 
p o t e n t i a l gradients at the top and bottom of t h i s cylinder. The down-
ward conduction current through the top of t h i s cylinder i s 
F^(A^++ A^~) where A + and A~ are the polar conductivities, and where 
the downward-moving positive ions constitute the ^ r j ^ r p 4 * a n ( i "tne upward 
moving negative ions are responsible f o r the F^ A^ "". However at the 
bottom of t h i s cylinder, assuming that no negative ions enter from 
the earth's surface, there can only be a flow of current to earth of 
positive ions, namely F^Ag*, so there w i l l be a net gain of positive 
charge w i t h i n t h i s volume. I n other words there i s a development of 
positive space charge at a rate given by Y^Ch^ + A^ -) - F B ^ B + i n 
u n i t time. The presence of t h i s increasing space charge w i l l 
decrease the f i e l d F^ and increase the f i e l d F^ and a stable state 
w i l l only be reached when the number of positive ions leaving the 
cylinder i n t h i s u n i t time i s the same as the number of negative ions 
leaving. Thus F T ( A T + + A^ ") = FgAg* where the l e f t hand side of the 
equation i s the conduction current at the top of the cylinder and 
the r i g h t hand side i s the conduction current at the surface of the 
earth. Calculations show that the f i e l d at the surface should there-
fore be about 30$ higher than at 1 m due to t h i s excess space charge. 
10. 
Many observers over land have reported f a i l u r e to f i n d such an 
effec t but an explanation of t h i s could be that the r a d i o - a c t i v i t y 
i n the earth's surface causes an increase i n negative space charge 
i n these regions. This -would decrease as a l t i t u d e increased and 
would tend t o cancel out the electrode e f f e c t . Both conditions 
however depend a great deal on the surface wind, as disturbances 
could eliminate both effects. 
11, 
CHAPTER 2 
EARLIER SPACE CHARGE MEASUREMENTS 
GEHERAL 
The space charge concentrations i n the lower atmosphere are 
usually of the order of 100 e cm"3, but with the a i d of present day-
elec t r o n i c s the measurement of t h i s quantity i s not d i f f i c u l t . 
However a major d i f f i c u l t y to be overcome i s the noise signal from 
recording instruments e s p e c i a l l y where the recording units are on 
a i r c r a f t or not adequately shielded from winds. Fr4c t i o n a l e l e c t r i -
f i c a t i o n can be quite troublesome i n the type of instrument through 
which a i r i s drawn, and i f l o c a l e l e c t r i c f i e l d s e x i s t i n the i n s t r u -
ment erroneous r e s u l t s occur due to the migration of some ions away 
from t h e i r required path. Differences in the work functions of 
surfaces used and t h e i r fluctuation during d i f f e r i n g conditions can 
give r i s e to high background signals which can be much larger than 
the signals due to the space charge. Space charge c o l l e c t o r s need 
to be r i g i d l y mounted on very good insulators as i n humid* : i condi-
tions the surface insulation can e a s i l y break down. E l e c t r i c a l noise 
from p i e z o e l e c t r i c effects can be caused when connecting cables suffer 
from s t r e s s changes. 
Despite a l l these d i f f i c u l t i e s a great amount of equipment has 
been developed to measure space charge concentrations, and VOKKEGUT 
and MOORE (1958) have published a review of instruments and techniques. 
12. 
METHODS OF MEASURING SPACE CHARGE 
One of the f i r s t methods was described and used by LORD KELVIN 
i n 1859, 60 and 62. With the a i d of a s p i r i t lamp whose flame 
acted as a * c o l l e c t o r 1 by bringing the lamp to the potential of i t s 
surroundings, he was able to detect the presence of space charge which 
he had produced from the flame of a s i m i l a r lamp connected to a Wimshurt 
machine some distance away. He observed t h i s charge by noting the change 
i n p o t e n t i a l of the s p i r i t lamp which was acting as the collec t o r . 
Later Kelvin pointed out that i f water i s sprayed from an insulated 
metal nozzle then the nozzle i s brought to the potential of the 
surrounding a i r . Using t h i s p r i n c i p l e he determined the potential 
of the a i r at certain points and he deduced that variations were due 
to the movement of space charge i n the a i r . He further suggested that 
by measuring the potential gradient from a balloon as w e l l as a t the 
earth*s surface a knowledge of the space charge between would be 
gained. However he assumed that the earth was a negatively charged 
body losing i t s charge to the a i r i n contact with i t . 
The use of the water-dropper as a potential e q u i l i s e r and i t s 
action can be explained as follows. Consider a drop of water on the 
end of an insulated nozzle with the potential of the surrounding a i r 
d i f f e r i n g from that on the drop. Lines of force must therefore end on 
the drop. I f the potential of the a i r i s positive with respect to 
the drop then these l i n e s of force have t h e i r negative ends on the 
drop and t h e i r positive ends i n the surrounding a i r or on the 
electrosphere. As the drop f a l l s off therefore i t c a r r i e s away a 
15-
negative charge and the potential of the nozzle w i l l r i s e to a value 
nearer to that of the surrounding a i r . As the process continues the 
nozzle w i l l eventually reach the potential of the surrounding a i r 
which can therefore be measured. Kelvin suggested that by using an 
earthed wire cage enclosing a water dropper at the centre, the poten-
t i a l a t t h i s point w>uld indicate the space charge concentration i n the 
cage. !Ehis method w i l l be discussed l a t e r i n more d e t a i l ; i t was used 
by CHAUVEAU (1902) , MACHE (1903) and more caref u l l y by KAHLER (1927).* 
MUHLEISEN and HOLL (1952) and KIMAN (1951*-)- At Bad Abling DAUNDERER 
(1907) measured space charge by placing three s p i r i t lamps whose 
flames were acting as collectors at 2 m, 1 m and ground l e v e l and 
measured the difference between the potentials of the lamps with the 
a i d of two gold l e a f electroscopes. "Then using Poisson's equation as 
applied to two i n f i n i t e l y long p a r a l l e l conducting planes (Chapter l ) 
the space charge could be calculated. NORIHDER ( l 9 2 l ) , a t Uppsala, 
measured the potential at 1 1, 2 m and 3 m. above the ground by spray-
ing water horizontally from j e t s f i x e d a t the centre of insulated 
horizontal wires and calculated the space charge between them. 
SCRA.SE (1935) a l s o used stretched wires with c o l l e c t o r s a t the 
middle points and measuredthe difference i n potential between two 
wires 1 m apart at different heights. 
OB0323USKY (1925) and l a t e r BROWN (1930) used dir e c t methods of 
measuring space charge i n which they sucked a i r through a cylinder 
containing s t e e l wool. The cylinder, which was connected to a 
Dolezalek electrometer, was ca r e f u l l y screened from potential gradient 
Ik, 
changes. This method w i l l l a t e r be examined i n greater d e t a i l . 
Vonnegut and Moore (1958) described a method of dire c t c o l l e c t i o n 
of space charge by making the a i r i n an insulated shielded tube 
highly conductive. A i r containing the space charge to be measured 
i s then sucked through the tube and by the action of i t s own e l e c t r i c 
f i e l d the space charge w i l l migrate to the walls where i t i s collected 
and measured. The a i r i n the tube can be made highly conductive by 
heating or i r r a d i a t i n g with (X, fi, y or X-rays. 
amm and CHAIMERS (1958 and 60) used double f i e l d m i l l s to 
investigate the space charge concentrations. The m i l l s were auto-
matically brought to the potential of t h e i r surroundings and by 
regi s t e r i n g the potential gradient the space charge concentrations 
could be calculated. 
Three types of modern space charge c o l l e c t i o n w i l l now be con-
sidered i n greater d e t a i l . These are the e l e c t r i c a l c o l l e c t i o n 
using ion-counters, the cage method and f i l t r a t i o n method. 
1 . E l e c t r i c a l Collection 
I f a i r i s passed through a c y l i n d r i c a l a i r condenser across 
which there i s a s u f f i c i e n t l y high potential difference to a t t r a c t 
a l l the ions of one sign to the central electrode, then the charge 
collected can be measured with the help of an electrometer. In order 
to measure space charge however two condensers (ion counters) are 
needed, one to measure positive ions and the other to measure nega-
t i v e ions. I f there are n+ positive ions cm~° and n_ negative ions 
cm"3 then (n+ - n_)e gives the charge density. There i s however 
15. 
l i k e l y to be a very serious error unless the values of the a i r 
flow and ion concentration are measured to an accuracy of 0 .01$. 
In town a i r we can expect that at l e a s t 1 0 4 ions cm~3 of each sign 
w i l l be present with a net space charge density of 1 0 2 ' ions cm""3 or 
l e s s . Therefore an error of only lf> i n the airflow or ion concen-
tr a t i o n w i l l completely mask the space charge density. 
2» Determination of space charge using earthed wire cages 
Space charge can be determined by enclosing the volume of a i r 
under examination within the walls of a conducting material, and 
then the potential at a point i n the volume i s a measure of the 
space charge density present. Such a cage i s named a f t e r Michael Faraday 
who showed that inside an earthed cage there was no e f f e c t from 
external f i e l d changes. Three methods i n t h i s category w i l l be 
described, they are by measuring, (a) the surface r a d i a l f i e l d , 
(b) the potential difference between the centre and edge and ( c ) 
the charge on a sphere at the centre. 
The use of a wire cage requires a free flow of a i r through i t 
otherwise the f i e l d set up within the cage could remove some small 
ions. Another requirement i s that the potential e q u i l i s e r i n the 
cage should not be affected by the potential gradient outside the 
cage. This could happen i n two ways. F i r s t l y , i n high values of 
potential gradient a large mesh would not be an e f f e c t i v e shielding 
whereas a small mesh would impede the a i r flow, and secondly the 
bound charge on the cage created by the earth's f i e l d could f i l t e r 
out charges of one sign on entering the cage. Both these e f f e c t s 
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•would give r i s e to high values of space charge which could account 
f o r the values observed by Kahler. 
a) Space charge determination by the di r e c t measurement of f i e l d at 
the surface of a spherical wire cage. 
For a spherical cage of radius r containing space charge of 
uniform density p, Poisson's equation i n spherical co-ordinates reduces 
to 
r or ^  or/ eQ 
2 P p r 2 , thus r -7- = / - c — dr dr J 6 
and as ~ = 0 when r = 0 dr 
2 <1V p r a then r "T~ = - t — dr 3e o 
dV 
I f E r i s the surface r a d i a l f i e l d then - = E r and so 
A suitable instrument f o r measuring t h i s potential gradient 
i s a f i e l d m i l l (described l a t e r ) , but the s e n s i t i v i t y of such an 
instrument i s only about 1 Vnf"1. Thus i n order to detect a charge 
density of 10 ions cm""3 ( 1 .6 x 1 0 ~ 1 2 Cm - 3) a sphere of radius 15 m 
i s needed which i s inconveniently large. This method i s therefore 
unsuitable f o r measuring space charge gradients close to the earth's 
surface unless a f a r more accurate instrument for measuring the 
potential gradient i s used. MUHLEISEIf and HOLL (1952) suggested 
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that a cubical cage and a spherical cage of the same volume would give 
roughly equal r e s u l t s . 
b) Space charge determination by measuring the potential difference 
between the centre and edge of the cage. 
Charges inside the cage w i l l produce a potential difference 
between the edge and centre of the cage. This can be measured by 
placing the point of an insulated probe at the centre of the cage 
and the potential difference can be recorded using a vibrating reed 
electrometer. The presence of t h i s probe, however, introduces three 
d i f f i c u l t i e s . I n the f i r s t case the probe w i l l considerably a l t e r 
the boundary conditions and therefore the solution of Poisson's 
equation for t h i s method i s no longer straightforward. Secondly, 
there w i l l be a contact potential difference between the probe and 
the cage, and f i n a l l y the probe w i l l not be at the potential of the 
centre of the cage due to the low conductivity of the a i r . 
To explain contact potentials i t i s f i r s t necessary to consider 
the work function. This i s the amount of energy needed to remove an 
electron from inside a metal to a point outside i t . The value of 
t h i s work function d i f f e r s from one metal to another and so there 
w i l l be a difference of energy between electrons ^ust outside two 
metals i n contact. Considering a, p a r a l l e l plate condenser with one 
plate of, say, zinc and the other of copper, then as zinc has a lower 
work function than copper i t i s more positive. Thus when the plates are 
connected d i r e c t l y together with wire there w i l l be a difference of 
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energy on either side of the condenser gap and hence a potential 
difference e x i s t s . I f e i s the electronic charge, * and * the 
' eu zn 
work functions of copper and zinc respectively, then t h i s p o t e n t i a l 
difference i s (<J> - $ J/e. Even i f the condenser plates had been 
made of the same material these contact potentials would not be 
eliminated as d i r t or other deposits on the plates a f f e c t the f i e l d 
between them. 
In the cage and probe method therefore one conductor w i l l be 
charged r e l a t i v e to the other and a f i e l d w i l l e x i s t i n the cage even 
i n the absence of space charge. This contact potential, which can be 
determined empirically, can be of the order of a few tenths of a v o l t 
and w i l l therefore be of si m i l a r order to the potential due to the 
space charge. As i t i s a l s o dependent on the nature of the surface of 
the material i t must be re-determined from time to time. 
The t h i r d d i f f i c u l t y mentioned was the f a c t that the probe w i l l 
not be at the potential of the centre of the cage due to the low 
conductivity of the a i r . This can be overcome by attaching a glowing 
fuse or small a-sourceto the probe but as these could a f f e c t the 
potential gradient i n the cage a much better method i s to use a 
water dropper as a potential equaliser. Such an arrangement can be 
made which allows the probe to reach the potential of i t s surroundings 
within 30 sees. 
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c) Space charge determination by measuring the charge on a sphere 
at the centre of a cage. 
I t can be shown that i f a small conducting sphere i s placed 
concentric with a much larger Faraday cage then there w i l l be a 
charge on the small sphere dependent on the space charge. A water-
dropper insulated from the outer cage can be used as the central 
sphere. As the drop breaks away from the probe at the centre of the 
cage i t c a r r i e s with i t a charge rel a t e d to the space charge i n the 
cage. I t f a l l s through the outer cage and i s collected and measured 
by an external instrument. This type of space charge measuring unit 
has a time constant dependent only on the response time for measuring 
the charge on the drop and i s probably the most s a t i s f a c t o r y of the 
Faraday cage methods. KUdMAKT (l95k) compared t h i s method with the 
Obolensky f i l t e r method and found good agreement. 
3. F i l t r a t i o n methods of determining space charge 
Obolensky f i r s t introduced t h i s method when he sucked a i r 
through a t i g h t l y packed f i l t e r of s t e e l wool which collected the 
ions present i n the a i r . The f i l t e r was e l e c t r i c a l l y insulated and 
the charge collected on i t was measured d i r e c t l y . 
Using present day techniques t h i s charge can be measured with 
the a i d of a vibrating reed electrometer, but doubts have been 
expressed as to whether such a f i l t e r w i l l c o l l e c t a l l the atmospheric 
ions. Steel wool f i b r e s are approximately 50-100 microns i n diameter 
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and there i s a great p o s s i b i l i t y that the much smaller charged 
p a r t i c l e s w i l l completely evade detection. However when the flow 
of a i r through the f i l t e r i s s u f f i c i e n t l y slow there i s a possi-
b i l i t y that a l l the ions w i l l be able to reach the f i l t e r f i b r e s by 
diffusion. A d i f f i c u l t y a r i s e s because large ions have a mobility 
of approximately JO microns s e c - 1 per V cm""1 and as the only e l e c t r i c 
f i e l d i n the f i l t e r i s probably due to that provided by the ions 
themselves then the time for the ions to migrate to the f i b r e s i s 
inconveniently large. I f the a i r flow through the f i l t e r i s con-
sequently reduced the amount of current measured w i l l therefore be 
extremely small. 
Vonnegut and Moore (1958) suggest that ambiguities may also 
a r i s e from charge being transferred to the n u c l e i by contact potential 
differences and by f r i c t i o n a l e f f e c t s as they pass out of the f i l t e r . 
These e f f e c t s would give r i s e to an opposite po l a r i t y charge a r r i v i n g 
on the f i l t e r . 
lonnegut and Moore have investigated a glass wool f i l t e r with 
f i b r e s 0.5 to 5 microns i n diameter and as the f i b r e s are up to 100 
times smaller than those i n s t e e l wool i t s f i l t r a t i o n properties are 
f a r superior. The relaxation time of glass wool, which i s normally 
considered an insulator, i s l e s s than 1 min. but immediately i t 
captures a charge the aluminium case surrounding the f i l t e r has an 
i d e n t i c a l charge induced on the outside from where i t i s measured. 
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There i s a p o s s i b i l i t y that the charge on the f i l t e r w i l l repel 
p a r t i c l e s having charges of l i k e sign and therefore record an excess 
of charges of opposite sign. But t h i s equilibrium charge i s normally 
quite small and so t h i s disadvantage can be neglected. I f necessary 
however t h i s charge can be reduced by obtaining a f i l t e r with a 
shorter relaxation time or by putting a conductive coating on the 
f i b r e s . 
A f i l t e r i s now available that i s composed of a glass-asbestos 
medium which has a much shorter relaxation time than glass wool alone. 
This f i l t e r has a higher effectiveness i n removing particulate matter 
from the a i r then the a l l glass medium. The high effectiveness a r i s e s 
from the smaller diameter of the asbestos f i b r e s ; i n presence of 
l i q u i d water, however, the asbestos f i b r e absorbs moisture and 
becomes pulpy and spray e l e c t r i f i c a t i o n w i l l be produced as the 
bubbles break at the downstream surface. 
As t h i s d i r e c t method of measuring space charge appears to be 
more suitable f o r f i n e weather space charge gradient measurements than 
any other c o l l e c t o r , and because of the manufacturers * claims that 
the glass asbestos f i l t e r medium has such a high c o l l e c t i o n e f f i c i e n c y 
i n cleaning a i r , i t was decided to investigate i t s properties more 
clos e l y i n connection with t h i s research project a t Durham. 
However, as the col l e c t o r s were to be i n s t a l l e d on an earthed 
21 m mast there was a p o s s i b i l i t y that as the e l e c t r o s t a t i c s h i e l d 
would be at earth potential and not at the potential of the surround-
ings, then charges of the same sign as the potent i a l gradient may be 
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attracted to the cover near the i n l e t . This would lead to an 
erroneous high value of space charge, but i t was assumed that by 
having a small o r i f i c e at the intake then the ve l o c i t y of aircfeawn 
into the co l l e c t o r would be high enough to overcome t h i s d i f f i c u l t y , 
even i n the very much enhanced f i e l d at the top of the mast. The 
problems a r i s i n g from t h i s w i l l be discussed i n Chapter 8. 
PREVIOUS RESULTS 
The most accessible part of the atmosphere i n which to study 
space charge magnitudes, distributions and causes i s the lowest few 
metres, and yet very few investigations have been made i n t h i s region. 
Using the flame collector method already described, Daunderer, 
i n 1906, measured a mean annual value of space charge of +25O e cm - 3 
i n the f i r s t 3 m of the atmosphere. He claimed that the winter average 
was approximately -1000 e cm - 3 and the summer average approximately 
+1200 e cm"3, but SMIDDY (1958) has shown that the errors i n Daunderer's 
calculations are considerable. TTorinder's measurements i n 1921 gave a 
mean annual space charge of -kOO e cm"-3 with once again a more negative 
value i n winter than summer. Scrase found positive space charge i n 
turbulent a i r and also i n s t i l l a i r above 5 m but below t h i s l e v e l i n 
s t i l l a i r he found negative charge. Kahler, Obolensky and Brown a l l 
obtained positive values i n winter months with lower values i n summer^ 
Obolensky*s even becoming negative. Kahler 1s values ranged from 
+k00 e cm"3 to +1200 e cm"3 but these could perhaps be attributed to 
h i s cage method of measurement. The f i l t e r methods of measuring 
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space charge gave Obolensky values between +120 e cm"3 i n winter and 
e cm 
-200/in summer and Brown values of between +150 e cm""3 i n winter and 
+210 e cm - 3 i n summer. 
Several observers have suggested that these more negative 
r e s u l t s obtained i n summer are due to negatively charged dust 
p a r t i c l e s r a i s e d up from the surface into the a i r . I t seems reason-
able to assume therefore that a l l the differences i n r e s u l t s could be 
due to the different l o c a l i t i e s of the observing stations, the main 
factors being t h e i r position with respect to large towns and the 
prevailin g wind directions. 
With regard to the more recent space charge measurements 
MUHLEISEN i n 1959 at Weissenau found that space charge was rela t e d to 
the formation of mist and fog, and the evaporation or condensation of 
water. I n order to explain these ef f e c t s he l a t e r c a r r i e d out experi-
ments i n a closed room where he had i n s t a l l e d a f i l t r a t i o n space charge 
collector. During these t e s t s he found that the evaporation of water 
caused a negative space charge and by warming the a i r a positive space 
charge was produced. These e f f e c t s only occurred when the r e l a t i v e 
humidity was greater than 65$ and they became stronger i f the a i r 
contained more condensation nuclei. From these r e s u l t s Mtihlelsen 
concluded that they explained the negative space charge observed 
during fog and the formation of positive space charge a t sunrise. 
CHALMERS (1952) has however found conclusive evidence that 
negative space charge i s formed at high tension cables during periods 
of mist and fog. This, he explains, i s due to the production of an 
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excess of negative ions where insulation i s p a r t i a l l y breaking down. 
MUHLEISEN (1955), using transportable instruments, found that 
clouds of space charges were produced by domestic f i r e s , industry and 
t r a f f i c . These space charges could be carr i e d more than 20 Km from 
t h e i r sources depending on the speed of the wind. In addition, he 
carr i e d out extensive experiments i n the laboratory measuring the 
signs of space charges produced by man made sources. 
I n 1959 BMSEFIELD, a f t e r measuring the atmospheric potential 
at 33 % 21 m and 8 m respectively above the ground, also reported 
that h i s measurements had indicated clouds of positive or negative 
ions frequently passing overhead at a height of 10 m or l e s s . He 
suggested that these clouds could be produced by exhaust fumes from 
motor vehicles. Later i n the same year (1959*0 he ca r r i e d out t e s t s 
using a wire mesh Faraday cage with exhaust fumes from motor vehicles. 
These were fouad , to be generally p o s i t i v e l y charged, but d i e s e l fumes 
were always very strongly p o s i t i v e l y charged. In order to explain 
these phenomena he measured the potential of a moving motor vehicle 
with respect to earth and to h i s surprise found i t was always nega-
t i v e independently of whether the engine was running or not. I t 
appeared therefore that the charge on the exhaust gases was due to 
contact potential differences between the exhaust pipe and p a r t i c l e s 
i n the exhaust such as water. I n further t e s t s he enriched the 
mixture so that black smoke was produced from the exhaust; t h i s 
showed negative space charge suggesting that the carbon p a r t i c l e s 
were negatively charged. 
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Smiddy and Chalmers i n I960, using double f i e l d m i l l s , found 
s l i g h t negative values of space charge i n the lowest 5 m of the 
atmosphere and associated t h i s with radioactive e f f e c t s from the 
earth, which CHAIMEBS (1946) suggested would greatly reduce any 
electrode e f f e c t . This suggestion by Chalmers that the electrode 
e f f e c t would be d i f f i c u l t to measure over land l e d MtlHLEISEN (19§#) 
to make measurements over both Lake Constance and over a f l a t 
meadow. He found that such an ef f e c t existed to an al t i t u d e of 10 m 
above the surface of the lake but was non-existent over land. 
PLUVHAGE and STAHL (1953) found evidence of the electrode e f f e c t 
over the Greenland ice-cap where the 3000 m thick ice presumably cuts 
off a l l the r a d i o a c t i v i t y e f f e c t s from the earth's crust. 
ATKINS however i n 1959 found that the electrode e f f e c t with 
small ions was rea d i l y observable over land a t 110 cm for potential 
gradients exceeding 500 V m""1. He also found large fluctuations of 
space charge i n f i n e weather and changes of sign were not uncommon. 
This meant that to make an estimate of the mean f i n e weather space 
charge was d i f f i c u l t but i t was probably about +12 e cm - 3. In mist 
he recorded values up to -600 e cm""3 even with a positive potential 
gradient. I n 1963 CROZIER concluded that an electrode e f f e c t existed 
over land during night-time low-wind periods. By measuring space 
charge at the surface of the earth he found a shallow l a y e r of en-
hanced space charge of up to 0^00 e cm""3 which was not registered 
at 65 cm above the ground. This space charge density was inversely 
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correlated to wind v e l o c i t y e s p e c i a l l y where the l a t t e r was below 
1 m s e c " 1 . Winds greater than t h i s value, and the turbulence 
e f f e c t s as the sun shone, largely eliminated t h i s e f f e c t . LAW (1963) 
found that i f he assumed that the convection current was negligible 
and therefore the conduction current was constant with height, then 
the v a r i a t i o n of the f i e l d i n the lowest metre of the atmosphere, 
calculated from the change i n conductivity, disagreed with the 
space charge he observed d i r e c t l y . This implied the existence of a 
convection current comparable to the conduction current. 
SAGALYN and EAUCBER (1956) investigated the nucleus concentration 
i n the a i r a t al t i t u d e s between 700 f t and 15,000 f t . They reported 
that regular variations of nucleus concentration i n the exchange 
layer were observed from around sunrise to early afternoon, and a f t e r 
analysing meteorological data they discovered that t h i s v a r i a t i o n was 
due to the daily turbulent cycle. 
I f the space charge i n the lower atmosphere i s responsible, 
during convective a c t i v i t y , for the i n i t i a t i o n of e l e c t r i f i c a t i o n 
i n cumulus clouds then the sign of the potential gradient below the 
cloud i s dependent on the po l a r i t y of the charge entering the cloud 
from below. This prompted VOKNEGUT, MOORE, SEMMIN, BULLOCK, STAGGS 
and BRADLEY (1962) to produce a r t i f i c i a l l y high concentrations of 
space charge at the surface of the earth. By then recording the 
potential gradient j u s t below the newly forming clouds they found 
conclusive evidence that convection currents carried t h i s a r t i f i c i a l 
charge upwards into the cloud. 
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F i n a l l y KEAAKEVIK (1958) reported that i n the exchange layer 
over the oceans a convection current existed that was probably 
caused by the upward d i f f u s i o n of positive space charge. This, he 
said, decreased as a l t i t u d e increased and had i t s maximum value at, 
or below, 15 nu 
For the project here at Durham i n which the space charge 
gradient was t o be measured using a 21 m mast, these previous resuls 
introduced a p o s s i b i l i t y that convection currents may be detected 
with the space charge measurements« Hence i t was decided to record 
the temperature, humidity and horizontal wind gradients over the 
height of the mast i n addition t o the space charge and e l e c t r i c f i e l d 
gradients* 
I n the f i r s t phase of the project the space charge would be 
measured at 1 m and 2 m i n order t o measure the gradient close t o 
the surface, and i n the second phase at 1 m and 19 m t o t r y and 
detect nonvection currents. Temperature and humidity would be 
measured at k d i f f e r e n t levels and p o t e n t i a l gradient and wind at 
2 levels. 
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CHAPTER 3 
THE ABSOLUTE FILTER SPACE CHARGE COLLECTOR 
I n view of the disadvantages described i n the previous chapter 
with regard to the many d i f f e r e n t methods of measuring space charge 
i t was decided to investigate the effectiveness of the glass-asbestos 
f i l t e r medium more closely. 
The f i l t e r cartridges (model no's IF-20-2S) were manufactured by 
the Cambridge F i l t e r Corporation, Syracuse, Hew, York and were an 
improvement of the medium o r i g i n a l l y developed f o r the Atomic Energy 
Commission f o r removing radioactive dust from the a i r . The f i l t e r 
material was encased i n an aluminium frame of dimensions 10 cm x 10 cm 
x 20 cm which i n turn was housed i n a copper tube acting as an 
ele c t r o s t a t i c shield. A photograph of the collector i n positi o n on 
the mast at the Observatory and a schematic diagram are shown i n 
Figs. 1 and 2, whilst photographs of the collector before assembly 
are shown i n Fig. J. The f i l t e r s were extremely l i g h t i n weight and 
there was no d i f f i c u l t y of having t o b u i l d elaborate insulated 
supports to hold them central inside the e l e c t r o s t a t i c shield. The 
rest of the f i l t e r apparatus was made out of copper and brass with 
polytetrafluoroethylene (P.T.F.E. or fluon) insulators. The outer 
cylinder was constructed of half-hard 18 gauge copper, the cones of 
soft 18 gauge copper which makes them easily workable, and the 
connecting discs of l/8th" brass plate. 
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P r e f l i t e r s were contained i n the moisture knockout cone and were 
wedged inside copper gauze which, was i n t u r n screwed onto brass discs 
soldered inside the cone. Two d i f f e r e n t materials were used i n the 
construction of t h i s p r e f l i t e r . The f i r s t medium was stainless steel 
wool which helps to remove large hygroscopic p a r t i c l e s that would 
damage the Absolute f i l t e r and the second medium was of glass f i b r e 
filaments held together with an organic binder. This second medium, 
which could easily be replaced, helped to remove the dust p a r t i c l e s 
drawn i n t o the instrument, thus increasing the l i f e of the f i l t e r 
cartridge. A check must however be kept on the a i r flow rate through 
the collector as the pressure drop across the f i l t e r rises with use. 
The medium thereby maintains and improves i t s excellent f i l t r a t i o n 
properties, 
A rubber gasket was f i t t e d on the edge of the aluminium frame 
to be screwed to the moisture knockout cone thus making a good seal 
and preventing space charge from bypassing the Absolute f i l t e r . 
The f i l t e r u n i t had now t o be insulated from the e l e c t r o s t a t i c 
shield and P.T.F.E. was selected f o r t h i s purpose. The maintenance 
of good e l e c t r i c a l insulation i s important, not only because a f i l m of 
water could possibly s e t t l e on the exposed insulator but d i r t s e t t l i n g 
on i t could also cause breakdown. A l i q u i d recommended f o r cleaning 
P.T.F«Ee, namely trichloroethylene, was therefore obtained and a f i n a l 
cleaning performed using absolute alcohol. The surface of t h i s insu-
l a t o r conducts f a r less than polystyrene under conditions of high 
humidity, as continuous f i l m s of water do not form on i t very easily. 
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Another advantage of P.T.F.E. i s that piezoelectric effects are 
negligible. The reason i s that during manufacture the crystals 
are heated t o a temperature high enough to allow the in d i v i d u a l 
p a r t i c l e s t o coalesce and form a continuous amorphous structure. 
The material builds up a s t a t i c charge quite easily however, and 
t h i s has often been mistaken f o r piezoelectric effects. Originally 
the P.T.F.Ee intake was exposed t o f r i c t i o n a l effects due to the 
a i r being drawn through the col l e c t o r , and thus i t gained quite a 
large s t a t i c charge which removed a great proportion of the ions 
before they entered the instrument. To remedy t h i s , instead of 
exposing the surface temporarily to a small source of 7-radiation, 
an earthed copper shield was placed i n the intake covering the 
insulation but allowing a cm gap between the two materials so as 
not t o reduce the high insulation already gained. 
Four t i g h t l y sprung brass rods were fastened t o the moisture 
knockout cone (Fig. Jpo) and a rubber '0* r i n g placed i n a s l o t cut 
out of the P.T.F.E. nose cone. Thus, as the rear of the electro-
s t a t i c shield (Ficj. 3 C) was screwed onto the main cylinder of the 
shield i t caused the f i l t e r u n i t to be very f i r m l y held i n place, 
the s0* r i n g preventing any a i r from bypassing the f i l t e r u n i t . 
A wire was connected from the aluminium frame of the f i l t e r and 
led t o a Plessey socket on the earthed shield. The coaxial plugs and 
sockets had been chosen because the P.T.F.E. insulation area was 
large, f o r leakage could i n t e r f e r e seriously with the results. 
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As the collectors would be out of doors f o r a considerable 
period of time i t was decided to place heating elements and a 
s i l i c a - g e l desiccator on the i n t e r i o r of the e l e c t r o s t a t i c shield. 
The desiccator had an indicator u n i t which changed from blue to 
pink as the moisture content i n the a i r rose. This was a precau-
t i o n against the f i l t e r medium becoming damp and causing extra 
e l e c t r i f i c a t i o n as bubbles form and break on the downstream surface 
(VONBEGUT and MOOKE 195;$). 
The heating elements used were two e l e c t r i c soldering i r o n 
elements placed i n series and connected to the mains supply v i a 
another Plessey socket. These elements were switched o f f and 
earthed p r i o r t o records being taken. However, during f i e l d t e s t i n g 
of the equipment i t was found that the heat supplied by these 
elements was i n s u f f i c i e n t and they also gave r i s e t o s l i g h t earth 
currents which appeared on the records. For these reasons the 
elements were removed and lagged pipe heaters were wrapped around 
the outside of the e l e c t r o s t a t i c shields. These pipe heaters con-
sisted of p l a s t i c covered heating wires advertised f o r domestic 
i n s t a l l a t i o n t o prevent water pipes from freezing during winter 
months. The length of each wire was 20 f t and the loading 100 
watts. F e l t lagging was wrapped around the cylinder a f t e r the 
wires had been positioned and t h i s area then covered with polythene 
to prevent saturation by r a i n . 
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The size of the o r i f i c e at the a i r intake i s extremely Important 
i f readings are required during gusty conditions. With a wide intake 
o r i f i c e e r r a t i c values have been recorded during gusts. I f a i r i s 
not entering at a ve l o c i t y greater than the highest wind speed, erron-
eous results w i l l be observed as the a i r deposits i t s charge and 
returns through the intake, hence evading detection i n the flow 
measuring equipment t o the rear of the f i l t e r . This condition: could 
be overcome by reducing the size of the o r i f i c e . Hence a brass sleeve 
was inserted i n the earthed tube at the entrance. This sleeve was 
inserted i n the earthed tube at the entrance. This sleeve had a 
conical hole cut through i t as can be seen i n Fig. 2j the hole having 
dimensions related to the speed of the a i r intake necessary. With 
t h i s method i t i s possible to r e t a i n a constant volume of a i r flowing 
through the f i l t e r under a l l conditions. Excellent results have been 
obtained during wind gusts of up t o 20 m sec" 1. 
Indication of disturbances i n the measuring apparatus caused by 
large insects have been found and precautions taken to stop them from 
occurring. I f a large f l y i s drawn int o the equipment and then 
attempts to escape i t could w e l l land on the earthed intake cone and 
then be sucked back int o the f i l t e r which i s not quite at earth 
p o t e n t i a l . I n a period of excitement t h i s process could occur quite 
often as the insect bounced from one conductor t o another. On 
occasions where e r r a t i c readings have occurred a large f l y has been 
found i n the equipment. The smaller insects do not a f f e c t the res u l t 
as they do not have the strength to return to the earthed outer cone. 
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I n order t o stop t h i s a c t i v i t y a \ cm wire mesh was placed across 
the entrance with the diameter of the wire less than ifo of the mesh 
spacing. This would cause a negligible migration of ions t o the mesh 
i n passing i n t o the a i r intake and would p r a c t i c a l l y eliminate displace-
ment currents* The mesh was removed when the collector was not i n use 
and the hole blocked with a rubber bung to prevent r a i n from entering. 
I t was found unnecessary to have a * f l y catcher* on the collector at 
the top of the mast. To enable the collector input hole at t h i s 18 m 
height t o be blocked without climbing the mast a spherical brass bung was 
loosely f i x e d on one end of a pivoted arm. This could be swung into 
p o s i t i o n by p u l l i n g a long length of wire attached t o the other end. 
The space charge collectors and t h e i r respective v i b r a t i n g reed 
electrometer head units were f i x e d side by side on a -g" steel plate f o r 
easy erection on the mast. A i r was drawn through the f i l t e r using a 
powerful extractor fan with provision f o r a l t e r i n g the speed of the 
motor by voltage regulation. The flow rate was measured using 
standard gas meters with an accuracy of 1$ which were modified t o give 
a continuous record e l e c t r o n i c a l l y some distance away. 
The glass asbestos f i l t e r medium being almost non-conducting 
gives the impression that there w i l l be a delay i n the recording of 
the trapped charge. This i s not so, f o r as soon as a charged p a r t i c l e 
i s caught i n the f i l t e r i t a t t r a c t s an equal and opposite charge on 
the inside of the f i l t e r housing. I n tur n , t h i s liberates a charge 
equivalent i n every respect t o that on the trapped ion on the ouftside 
of the housing whence i t i s immediately measured. The charge on a 
p a r t i c l e caught i n the s t e e l wool f i l t e r i s measured d i r e c t l y and 
connected to the same output terminal. 
This out of balance current flows to earth through a 10 1 2 ohm 
r e s i s t o r and the voltage across t h i s i s measured using a v i b r a t i n g 
reed electrometer. Negative feedback i n the amplifier reduces the 
ef f e c t i v e input resistance to about 10 1 0 ohm. Thus insulation require-
ments of 10 1 S ohm between the f i l t e r housing and the e l e c t r o s t a t i c 
shield are not excessive. With such an instrument giving a f u l l scale 
deflection of 3 mV i t i s possible to record a space charge of 6 ions 
cm™3 f u l l scale f o r a flow of only 3 l i t r e s sec" 1. 
A time constant of 10 sec was placed on the input t o the record-
ing equipment i n order t o smooth out the e r r a t i c fluctuations i n the 
space charge concentration (AUCQTS 1959). 
The manufacturers of the v i b r a t i n g reed electrometers recommend 
that the cable length between head u n i t and space charge collector be 
less than 2 f t to reduce the noise l e v e l . Anti-microphonic cable was 
used but i n high winds t h i s gave r i s e to peizoelectric effects. To 
overcome t h i s d i f f i c u l t y the cable was passed through a -§•" diameter 
copper pipe which was soldered t o the plugs on each instrument. 
Another disadvantage i n high winds was that the steel p l a t e , although 
apparently r i g i d l y f i x e d , bent s l i g h t l y which again gave r i s e to 
piezoelectric effects i n the connecting cable. The plate had therefore 
to be strengthened using 1" x -g" steel angle to prevent bending. 
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An aluminium cover was placed over the head u n i t t o protect i t 
from p r e c i p i t a t i o n as moisture caused insulation breakdown i n the 
cable connections t o i t . 
During i n i t i a l t e s t i n g i t was observed that both collectors 
gave similar s l i g h t fluctuations i n output whilst no a i r was being 
sucked through the units. The p o s s i b i l i t y of earth currents being 
the cause was ruled out as the collectors were insulated from the 
mast, but i t was l a t e r noticed that these effects coincided with the 
sun being covered and uncovered by clouds. On placing a heating 
element close t o the copper pipe surrounding the head u n i t input 
cable the same e f f e c t was noticed and i t appeared that the very 
s l i g h t expansion i n t h i s pipe caused movement i n the cable and 
therefore piezoelectric effects. The copper pipe and cable were 
normally under considerable tension and the actual expansion of the 
pipe was audible as 1 c l i c k s 1 . The aluminium cover f o r the head u n i t 
was therefore extended t o provide an umbrella f o r the copper pipe 
and the fluctuations i n the output disappeared. 
A possible cause of error whilst recording lay i n the geometry 
of the instrument. The distance between the P.T.F.E. shield and the 
inner copper cone was only of the order of -f cm and during periods of 
very high space charge the p o t e n t i a l difference between the two could 
be of the order of 1 v. A p o t e n t i a l gradient of k V cm - 1 would there-
fore e x i s t and there would be a p o s s i b i l i t y that some ions would be 
attract e d to earth without being registered i n the recorder. The 
small ions would have a ve l o c i t y of approximately 8 cm s e c - 1 i n t h i s 
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p o t e n t i a l gradient and thus the a i r f l o w near the edge of the f i l t e r 
must be large enough to prevent very much migration. The diameter 
of the o r i f i c e at t h i s point was 5 cm and with an a i r f l o w as small as 
1 l i t r e / s e c the v e l o c i t y of the ions due to the a i r f l o w through the 
f i l t e r i s very much larger than the v e l o c i t y due to the p o t e n t i a l 
gradient, and hence t h i s source of error can be neglected. 
I n order t o calculate the space charge collected by the f i l t e r , 
assume the concentration to be n elementary charges cm - 0 (e cm"3). 
Let the a i r f l o w through the f i l t e r be Q cm3 sec" 1 and I the current 
i n amperes, recorded with the v i b r a t i n g reed electrometer. 
Then I n = e. cm i — ^ 1.6 x 10-,-19 Q 
where 1.6 x 10" •19 i s the charge on an electron i n coulombs. 
mm 's jew 
35 
I 
i 3 
I •MM* 
I • i 4 n 
/ 
9 * 
\ 
\ 
f I f I § i 
f 
'} 
1 
I 
5 
mm 1 
MAO* 
4.i ' i s r * ft 
ft 1 
m » m 4 
ii 
19 aw tad 
MM 
• j t n i MS* I I I * 5 * «Sf 
ft 
T r 'UI ~> (7* 
37. 
CHAPTER k 
DESCRIPTION AND CALIBRATION OF OTHER EQUIPMENT 
The recorder t o be used was a +2|r mV l6 channel multipoint 
Honeywell Brown instrument with an amplifier matched to an input 
impedance of 16 K. The inputs t o the recorder could be fed i n t o 
d i f f e r e n t channels using a jack plug arrangement which can be seen 
close t o the top of the monitoring rack i n Fig. 5> a rear view of 
t h i s rack can also be seen i n Fig. k. 
The 100 mV and 1 mA outputs from the v i b r a t i n g reed electrometer 
used i n recording space charge were fed t o a monitoring panel and the 
current outputs were displayed on two ammeters f i t t e d with reversing 
switches, whereas the 100 mV outputs were passed through p o t e n t i a l 
dividers including s e n s i t i v i t y controls before being fed i n t o the 
recorder. The vi b r a t i n g reed electrometers were calibrated by connec-
t i n g accurate low-voltage inputs t o t h e i r indicator units and the 
s e n s i t i v i t y control on the monitoring panel was adjusted t o give a 
correct reading on the recorder. 
A three stage 2k0 V A.C. centr i f u g a l fan, which had been used 
f o r extracting a i r from a i r - r a i d shelters was obtained and encased 
i n an earthed tube of diameter 15»5 cm. The flow of a i r extracted 
through the space charge collectors was registered on gas meters ob-
tained from the Northern Gas Board and i n order f o r t h i s flow to be 
observed at a distance microswitches were f i t t e d close t o cams wiftin 
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the gas meters, and 2k V bulbs were thereby caused to glow whenever 
the switches closed. The frequency of these flashing l i g h t s was 
therefore an indication of the flow through each space charge 
collector. The gas meters were calibrated with the kind assistance 
of the Northern Gas Board to an accuracy of 0*5$. 
The measurement of p o t e n t i a l gradient 
The p o t e n t i a l gradient was to be measured at both the top and 
bottom of the mast. Another research student, Mr. C o l l i n , kindly 
offered Hie use of his f i e l d m i l l situated at 21 m on the mast; t h i s 
had been calibrated allowing f o r the exposure fa c t o r due t o the 
mast. Another f i e l d m i l l was set up i n the surface of the earth some 
30 m from the mast to save having t o estimate an exposure factor. A 
suitable m i l l was already available, though some modification was 
necessary. This f i e l d m i l l used was designed by WILDMAN (1962) as a 
research project i n t h i s Department and b u i l t by Cornstock and 
Westock Inc. of the U.S.A. f o r i n s t a l l a t i o n on a rocket. A section 
through t h i s m i l l i s shown i n Fig. 6. The stator was made up of 
12 small brass studs and k large brass studs mounted i n two concentric 
brass rings but as only one output was required the outer r i n g con-
t a i n i n g the 12 studs was connected to the recording u n i t and the inner 
r i n g was earthed. This m i l l has been described i n greater d e t a i l by 
¥ILIMAN(l962). However i t was discovered during i n i t i a l t e s t i n g that 
the 2k V D.C. motor i n s t a l l e d t o drive the rot o r gave r i s e t o con-
siderable spurious noise i n the m i l l output and had therefore to be 
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changed. I n i t s place a 21+0 V A.C. synchronous motor was i n s t a l l e d 
thus giving a m i l l output frequency of Q.6 Kc/s. As t h i s motor had 
a shaft of smaller diameter than the previous motor a new brass 
sleeve was constructed i n the lathe f o r connecting the shaft to the 
earthed rotor. 
The a l t e r n a t i n g voltage appearing across the head-unit r e s i s t o r 
was fed in t o an EF86 low noise-level valve wired as a cathode follower. 
This was necessary because the cathode follower matches the high out-
put impedance of the m i l l t o the low impedance presented by the 100 m 
of coaxial cable carrying the signal to the amplifier unit. The f i e l d 
m i l l head u n i t , cathode follower and power supply can be seen i n 
Fig. 7 and the whole of t h i s u n i t was encased i n a small aluminium box. 
To reduce vibrations of the valve whilst the motor i s i n operation the 
valve base was mounted on a foam-rubber pad; the motor was also screened 
to prevent pick-up i n the output leads. 
As the near-sinusoidal output from the m i l l does not discriminate 
between positive and negative p o t e n t i a l gradients a constant f i e l d was 
a r t i f i c i a l l y imposed on t h i s output thereby allowing values of either 
p o l a r i t y to be recorded. 
This a r t i f i c i a l f i e l d , which was chosen to be approximately 
+1000 VnT1, was o r i g i n a l l y obtained by applying a p o t e n t i a l difference 
between earth and a semi-circular plate f i x e d 2 cm above the stator as 
seen i n Fig. 8. This plate was gold plated to match the surface 
properties of the f i e l d m i l l but i t was l a t e r found that varying 
contact p o t e n t i a l differences due t o the changing surfaces could 
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a f f e c t the 5 V po t e n t i a l difference between the plate and stator by 
at least 5$ s For t h i s reason the plate was reduced i n size to cover 
only one stud and i t s p o t e n t i a l increased accordingly thereby reduc-
ing the varying contact p o t e n t i a l e f f e c t t o the order of Vfo, This 
plate voltage however was applied v i a a potentiometer which could be 
adjusted to correct f o r these changes i n the contact p o t e n t i a l 
differences during c a l i b r a t i o n . 
The m i l l output i s fed v i a the cathode follower i n t o a 2 stage 
R-G coupled amplifier (Fig. 9) which was designed especially f o r 
t h i s project and incorporated low noise pentode valves. The feedback 
between the two anodes of the amplifier valves was increased u n t i l the 
gain of the amplifier was reduced t o a value of 500; the output, v i a a 
cathode follower, could therefore be monitored on a micro-ammeter. The 
voltage output was also biased before being fed i n t o the centre-zero 
recorder. I t was necessary t o insert two ' p a r a l l e l T' networks i n the 
amplifier tuned to reduce the 5° c/sec signals picked up between the 
head u n i t and the C.R.O. used f o r observations. This signal was 
thereby reduced from about 5 V t o about 3 mV peak-to-peak i n the 
output and therefore could be neglected. The valve heaters were also 
supplied with D.C. power i n an e f f o r t to avoid any mains r i p p l e being 
fed i n t o the amplifiers t h i s way. The L.T. supply along with the 
225 V D.C. supply was obtained from a power pack b u i l t as shown i n 
Fig. 10. The H.T. supply, a f t e r being appreciably smoothed, was 
st a b i l i s e d at +225 V with three 75CI neon discharge s t a b i l i s e r tubes. 
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A ca l i b r a t i o n was performed on t h i s f i e l d m i l l by applying a 
po t e n t i a l difference between two large p a r a l l e l aluminium plates, 
one of which had the m i l l stator l e v e l with i t s surface and was 
connected t o earth. From the results obtained the curve shown i n 
Fig. 11 was drawn. The non-linearity at the high negative p o t e n t i a l 
gradients was caused by the non-linearity of the diode r e c t i f i c a t i o n . 
Fluctuations from the c a l i b r a t i o n w i l l however be caused by varying 
contact p o t e n t i a l differences, mains frequency fluctuations and 
power pack voltage fluctuations but these are un l i k e l y to t o t a l more 
then 
The measurement of temperature and humidity 
I n order t o measure the temperature and humidity gradients 
w i t h i n the height of the mast i t i s necessary t o i n s t a l l more 
recording instruments w i t h i n the f i r s t few centimetres above the 
earth as i t i s i n t h i s region that the greatest changes occur. The 
instruments therefore would be placed at i m, 1 m 2 m and 19 m on the 
mast and t h e i r values would be recorded on an instrument some 100 m 
distant. Thermistors were chosen f o r the temperature sensitive 
elements as the working conditions were unsuitable f o r glass ther-
mometers and as thermocouples would require some form of amplification 
before the temperature could be printed on the recorder available. 
A thermistor i s a temperature sensitive r e s i s t o r having a large 
negative temperature c o e f f i c i e n t of resistance which i s usually i n 
the range 1-5$ deg. ( T 1 . The type chosen f o r t h i s project i s the 
Standard Telephones and Cables thermistor no. F23 which has a 
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temperature c o e f f i c i e n t of over 3$ deg. C~x and has a resistance of 
2 K at 20°C. I t i s a d i r e c t l y heated bead-type thermistor and the 
actual resistance element has a diameter of only 0.5 mm. The bead 
of t h i s rapidly acting thermometer i s sealed i n glass thus protecting 
the element against l i q u i d or gaseous action from the a i r . One of 
these thermistors could also be covered i n wet muslin and therefore 
act as a wet bulb thermometer. 
A t y p i c a l instrument i n which to incorporate a wet and dry bulb 
thermistor would be the aspirated psychrometer described by PASQUILL 
(19^9) which could be b u i l t with ease. This type was therefore chosen 
and four units were constructed. A photograph of a completed psychro-
meter i s shown i n Fig. 12 and a sectional view drawn with i d e n t i c a l 
measurements i s shown i n Fig. 13. The psychrometer housing was con-
structed from 3 nm th i c k perspex sheet and precautions are provided 
by forced aspiration of the a i r past the bulbs, a double w a l l i n the 
housing which i s also aspirated and by painting the outer surface with 
white enamel with a high glass f i n i s h . The perspex sheets, a f t e r being 
cut t o size, were f i x e d together with perspex cement. Holes had been 
d r i l l e d i n the inner housing, as can be seen i n the v e r t i c a l section 
A-A, t o provide aspiration of the i n t e r w a l l space. The thermistors 
were cemented i n holes d r i l l e d through t u f n o l bars which were then 
pushed i n t o locating holes i n the perspex block at the rear of the 
psychrometer. 
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The thin-walled aspiration tube i s made of brass as i s the 
water chamber provided f o r sustained operation of the wet bulb. 
This water chamber, which can be seen i n the v e r t i c a l section B-B, 
i s screwed on locating threads d i r e c t l y underneath the bead of the 
wet bulb thermistor. A t u f n o l tube passes through the walls i n 
the housing t o allow the wick from the muslin t o be constantly 
immersed i n water. I n order t o separate the two thermistor ele-
ments and thus allow f o r independent aspiration a perspex block was 
f i t t e d i n the entrance of thepgychrometer. 
During i n i t i a l t e s t i n g of the units i t was discovered that the 
thermistors were f a r too sensitive t o sudden small changes i n tem-
and 
perature and therefore small brass 'bulbs' were made /, f i x e d over 
the bead of the thermistors thereby adding; ' a time constant of about 
10 sec on the variable element resistance. Because these brass bulbs 
should not be glued to the thermistor beads with a material of low 
conductivity solder was used which had a melting point of only 60°C. 
Wires from the thermistors were l e d away to the recording u n i t . 
To measure temperature with a thermistor i t i s good practice to 
connect i t as one arm of a Wheatstone bridge and k such c i r c u i t s were 
b u i l t f o r t h i s purpose, one of which i s shown i n Fig. 1^. The power 
supply t o the bridge network was s t a b i l i s e d using a 6 V zener diode, 
located i n a heat sink, because s l i g h t f l u c tuations i n voltage w i l l 
be recorded on the temperature output due to the high s e n s i t i v i t y of 
the c i r c u i t r y . For t h i s reason also high s t a b i l i t y resistors were 
chosen and provision was made f o r checking both the zero setting and 
a pre-determined reading by switching i n pre-set resistors t o the arm 
normally occupied by a thermistor. I n event of any component giving 
r i s e t o an output error a 10 ohm potentiometer was connected i n the 
arm adjacent to the pre-set resistorsand the v a r i a t i o n of t h i s compo-
nent would return the bridge network t o i t s calibrated position. 
The resistance-temperature graph of a thermistor i s exponential 
but i t i s possible t o obtain a more l i n e a r characteristic by connec-
t i n g resistors i n shunt or series with the thermistor* The resultant 
network w i l l noVhave a temperature c o e f f i c i e n t that i s less than that 
of the thermistor alone and, i n general, the larger the reduction i n 
temperature c o e f f i c i e n t the better the l i n e a r i t y . A k20 ohm re s i s t o r 
was therefore shunted across the thermistor. The output was taken 
from a 5 K potentiometer which acted as a s e n s i t i v i t y control and was 
fed i n t o a biasing u n i t before entering the centre zero recorder. 
Before t h i s biasing system can be explained i n more d e t a i l i t i s 
necessary to consider the temperature range needed on the recorder. 
During winter months with a dry bulb temperature of -k°C the 
wet bulb depression must be measured to an accuracy of 0.1°C i n 
order f o r the r e l a t i v e humidity to be calculated to w i t h i n 3$ of 
i t s value. A 0.2°C l i m i t a t i o n i n recording would cause t h i s error 
t o r i s e t o 6$ r e l a t i v e humidity. I n summer months however t h i s type 
of error i s not as great, as with a dry bulb temperature of l6°c and 
the wet bulb depression measured to w i t h i n 0.1°C of i t s value the r e l -
a t i ve humidity i s accurate t o Vfo, I t was therefore decided to have 
an output which the recorder would p r i n t accurate to 0.1°C. This 
would mean that the f u l l scale reading of the recorder would cover 
*5. 
only 10°C. Considering the biasing system therefore i t was necessary 
to have several high s t a b i l i t y resistors which could be switched i n 
the c i r c u i t one a t a time and each r e s i s t o r adding an extra 2g- mV 
negative bias, or h a l f scale (5°C)> t o the recorder. As the temper-
ature range over the year would probably be w i t h i n — 5°C and 25°C there 
had to be 5 temperature ranges or 5 biasing resistors. A note of the 
range used was made during each recording period. 
Only one bridge network was used f o r the wet and dry bulb thermi-
stor inputs from one psychSrameter. These were switched i n t o the 
c i r c u i t i n t u r n using a polarised relay and during one p r i n t i n g cycle 
( l 6 channels) of the recorder the four dry bulb temperatures were 
taken, whereas during the next p r i n t i n g cycle the four wet bulb 
temperatures were taken. The pulse from the recorder was obtained 
by f i t t i n g a microswitch which was closed whenever Channel 16 
printed, but as t h i s pulse length was i n s u f f i c i e n t to hold a relay 
closed f o r a whole cycle of operations a c i r c u i t containing the 
polarised relay was b u i l t . The polarised relay contains two c o i l s 
and as a pulse i s fed i n t o one c o i l the relay switches are thrown 
one way, but the next pulse must be fed in t o the second c o i l f o r 
the relay switches t o be 'thrown* back again. The relay therefore 
could not be used by i t s e l f by cross-coupling the pulse input wires 
as i t would chatter during an input pulse so the c i r c u i t shown at 
the bottom of Fig. Ik was b u i l t . Considering the c i r c u i t cS&.gram 
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. FIGURE 15. 
A TYPICAL THERMISTOR CALIBRATION (SSD 
with the switches as they are shown, that i s with the Channel 16 
micro-switch i n i t s normally closed po s i t i o n , the kOOO u3? condenser 
i s charged and i t s adjacent relay i s held closed. The time constant 
of t h i s u n i t w i l l hold the relay closed f o r a period longer than the 
pulse from the microswitch. As t h i s pulse flows i t passes v i a a 
switch i n the single c o i l relay i n t o one c o i l of the polarised relay, 
switching i n one thermistor f o r the next 16 channels and also div e r t i n g 
the supply away from the 4000 jj.F condenser. A few seconds a f t e r the 
pulse has ended the single c o i l relay opens thereby feeding the next 
pulse i n t o the second c o i l of the polarised relay, which switches i n 
the second thermistor and returns the u n i t t o the o r i g i n a l condition. 
The c a l i b r a t i o n of the thermistors was carried out using an N.P.L. 
calibrated mercury thermometer and vacuum flasks containing s a l t 
solution. The solution was constantly agitated during c a l i b r a t i o n . 
As the resistance of the 100 m cables connecting the thermistors t o 
the bridge network would be equivalent to some 1 deg. C on the output 
the units were calibrated with the cables connected. The s e n s i t i v i t y 
potentiometer was adjusted t o give approximately 10°C f u l l scale 
deflection on the dry bulb thermistor. The wet bulb thermistor 
was then shunted or had resistors connected i n series t o bring i t s 
e f f e c t i v e resistance at a p a r t i c u l a r temperature to that of the dry 
bulb thermistor. Calibration curves were drawn on large scale graph 
paper thereby allowing temperatures t o be read to 0.1°C over the 30°C 
range. A t y p i c a l c a l i b r a t i o n i s shown i n Fig. 15 where the indicated 
temperature i s that recorded on the Honeywell Brown recorder. 
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The question now arose as to what aspiration rate should be used 
i n order t o obtain the maximum wet bulb depression under constant 
humidity and dry bulb temperature conditions. Tests were therefore 
carried out using two psychrometers each with i t s own suction u n i t . 
One psychrometer was constantly aspirated at a speed greater than 
6 m sec - 1 and the flow through the other could be varied and measured 
using a gas meter. These two psychrometers were f i x e d at the same 
height above the ground on a dry day with f a i r l y constant r e l a t i v e 
humidity. The outputs from the respective psychrometers were recorded 
as the flow through one was varied between 0,5 m sec" 1 and 5 m sec""1. 
The record of the constant flow psychrometer showed almost constant 
wet bulb depression, and the graph drawn i n Fig. 16 was drawn making 
corrections f o r any fluctuations i n the depression of the constant 
flow instrument. The large errors on the readings are equivalent t o 
the recorder error of +5$, but even so i t was obvious that i f the 
aspiration rate was greater than 5«5 m sec" 1 the wet bulb depression 
f o r a p a r t i c u l a r r e l a t i v e humidity and dry bulb temperature was at i t s 
maximum. Aspiration through a l l the psychrometers was therefore 
adjusted, using the gas metres, t o be greater than 5 m sec"-1. 
The measurement of wind speed 
I t would be advantageous i f measurements of wind speeds at the 
two levels on the mast could be performed at the lowest values 
possible as w e l l as at speeds of around 12 m sec - 1. The p o s s i b i l i t y 
of using hot wire anemometers was discarded a f t e r a period of 
k8. 
experimentation owing t o t h e i r poor response to the higher -wind 
speeds. However the Meteorological Office offered t o loan the 
Department two sensitive contact-pattern cup anemometers and t h e i r 
o f f e r was accepted. This type of anemometer gives readings down t o 
a i r v e l o c i t i e s lower than had been thought possible before with a 
r o t a t i n g system but a limitation i s that i t must not be exposed to 
winds greater than 15 m sec""1. The anemometer cups are made of 
pressed aluminium and the steel spindle runs i n a cup-shaped jewel 
bearing. Low f r i c t i o n a l torque results and the stopping speed i s 
only 0 . 1 m sec" 1 whilst the s t a r t i n g speed i s only s l i g h t l y higher. 
For every other revolution of the cups a very l i g h t contact i s held 
closed f o r the complete revolution and hence remote reading can be 
obtained. A 1.5 V battery was connected across the contacts and t h i s 
gave a pulse which could be registered some distance away. 
I t was necessary to convert the pulse from the anemometer i n t o 
a d i r e c t l y observable reading which could be constantly recorded. 
Depending on the anemometer r o t a t i o n rate the pulsecould have a width 
of between 0.080 sec and 6 sec and the time between the s t a r t of one 
pulse t o the s t a r t of the next could vary between 0 . l 6 sec and 12 sec. 
Some form of counting rate c i r c u i t had therefore t o be b u i l t which 
would accept pulses occurring at varying times and having varying 
width and indicate on a meter the average rate of occurrence of these 
pulses. This can be achieved i f each pulse causes a charge to flow 
through a meter, the magnitude being independent of the size or shape 
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of the pulse i t s e l f . I n the f i r s t case i t i s wise to cause the 
anemometer pulses t o t r i g g e r a f l i p - f l o p monostable c i r c u i t -which 
w i l l deliver pulses of uniform amplitude and width. The c i r c u i t 
employed f o r t h i s purpose i s shown i n Fig. 17 and i s that part of 
the c i r c u i t t o the ' l e f t 1 of the 8 [iF condenser. A s t i p u l a t i o n i s 
that the output pulses must be shorter than the time between two 
input pulses so that the monostable c i r c u i t w i l l not accept another 
input pulse before i t has had time t o return t o i t s stable state. 
EAKWKHAW (1956) stated that I f a pulse was of constant amplitude and 
width i t would be suitable f o r feeding i n t o a diode pump integration 
c i r c u i t . As t h i s c i r c u i t was to be used a recommendation that the 
input pulse should be as wide as possible was accepted and the width 
chosen t o be 120 m sec. 
The action of the f l i p - f l o p can be explained by f i r s t considering 
i t i n i t s stable state. Transistor T l has i t s base connected v i a a 
10 K re s i s t o r to the negative supply and t h i s t r a n s i s t o r i s therefore 
conducting hard between collector and emitter. I t s collector i s hence 
at zero p o t e n t i a l and with the p o t e n t i a l d i v i d i n g action of the k»7 K 
and 6 .8 K resistors the base of T2 i s po s i t i v e and so t h i s t r a n s i s t o r 
i s cut o f f . The 12 pj condenser i s now charged to almost the whole 
supply p o t e n t i a l . The input pulse from the anemometer causes the base 
of T l to go positive thereby cutting o f f t h i s t r a n s i s t o r and switching 
on T2. The time taken by the 12 fiF condenser to discharge through the 
10 K r e s i s t o r , namely the required 120 m sec, i s therefore the time 
f o r the base of T l to go s u f f i c i e n t l y negative f o r i t to conduct once 
50. 
more which causes the c i r c u i t t o return t o i t s stand-by state. Die 
output taken from the collector of T2 i s a pulse of constant width of 
120 m sec occurring at unequally spaced intervals of time. This i s 
now fed i n t o the diode pump integrator comprising the rest of Fig. 17 
whose action can be explained as follows. 
The f i r s t input pulse to the diode pump must be long enough to 
allow t o charge completely through Dl» During t h i s pulse D2 has 
been cut o f f . I n the i n t e r v a l between pulses the time must be long 
enough t o allow C t o discharge through D2 as Dl w i l l now be cut o f f ; 
Cg i s therefore charged. Cx must be small compared with C2 so that 
the voltage change across i s small compared with the amplitude of 
the input pulse. The next input pulse again charges up C through Dl 
and at the end of the pulse a small incremental charging again occurs 
i n Cg. Thus there i s a series of steps on the output meter which give 
an output voltage staircase waveform. 
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I d e a l l y the staircase voltage should show equal increments as 
i n (b) above, but each successive pulse w i l l cause a progressively 
smaller voltage r i s e across and a drooping non-linear output 
results as seen i n (a). I t can be shown that C1 must be as small as 
possible compared with C i n order to obtain a near l i n e a r output 
but unfortunately the smaller C then the smaller the output voltage 
steps. For t h i s reason, a f t e r experimenting with various condenser 
values, C1 was chosen t o be 8 |aF and to be 900 jiF as these gave the 
most l i n e a r output* The addition of the leakage r e s i s t o r across the 
900 |xF condenser provided a continuous discharging path with a time 
constant of 10 sec. As the recorder had a centre zero position a 
biasing arrangement was necessary on the output from the diode pump 
i n order to achieve a f u l l scale c a l i b r a t i o n . A s e n s i t i v i t y poten-
tiometer was also connected i n c i r c u i t . 
I n order to calibrate the system, pulses were applied t o the 
monostable c i r c u i t from a pulse generator f o r the higher frequency 
ranges and with a manual switch f o r the lower frequencies. A steady 
succession of pulses was fed i n t o the c i r c u i t and as these were 
counted on a scaling u n i t the number per sec was obtained using a 
stop watch wh i l s t the recorder readimg was noted. For the lower 
frequencies however the 900 jJT condenser has time to discharge more 
before the next pulse arrives thus giving a varying output and the 
spread of t h i s error i s shown by the dotted l i n e s i n Fig. 18. Cali-
brations were also carried out of wind speed registered on the two 
metifs which can be seen at the top of the monitoring panel i n Fig. 5-
52. 
When the anemometers were f i n a l l y connected t o the c i r c u i t from 
a distance of about 100 m the whole system appeared to perform 
excellently. 
Automatic recording 
A 2k hour e l e c t r i c clock was purchased which could switch power 
to a socket at any predetermined time. This was achieved by pressing 
pins i n t o holes on the clock face placed at hour in t e r v a l s . This 
clock can be seen at the centre of the monitoring rack i n Fig. % 
The supply from t h i s socket, a f t e r being passed through a transformer 
and r e c t i f i e d , was able t o operate a relay which was connected i n 
c i r c u i t so as t o switch on a l l the recording instruments. The i n s t r u -
ments could therefore be made to record automatically, switching on 
and o f f at anyjpredetermined times. However, during periods of 
p r e c i p i t a t i o n , damage could occur i n the space charge collectors and 
use was therefore made of a r a i n detector b u i l t by Mr. C o l l i n . With 
the f i r s t drop of r a i n a relay was made to operate, c u t t i n g o f f the 
supply t o the recording instruments. I n order to supply power to 
t h i s relay and also to others that are i n the c i r c u i t s a 2k V power 
pack was b u i l t which could pass a current of 15 amp. Remote 
switching of a l l the instruments was now arranged using an assortment 
of relays. 
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CHAPTER 5 
ANALOGUE-TO-DIGITAL CONVERTER 
GENERAL 
With the type of records obtained i n atmospheric e l e c t r i c i t y 
the analysis of results i s a very laborious task, p a r t i c u l a r l y i f 
there are lk variables as i n the case of t h i s work. I n e a r l i e r 
parts of t h i s course a photographic recording system was used but i t 
soon became evident that t o read the results fi'om the photographic 
paper would be a major task i n i t s e l f . For t h i s reason, and also 
with an eye on future needs i n the Department, i t was decided t o 
look i n t o the p o s s i b i l i t y of purchasing equipment which would give 
punched tape output available f o r feeding straight i n t o a computer. 
With the help of another research student (Mr. C o l l i n ) who was 
interested i n recording during p r e c i p i t a t i o n periods, information 
was obtained on d i f f e r e n t types of d i g i t a l recording systems. In the 
meantime a 16 point Honeywell recorder had been obtained, but i t was 
found that d i g i t a l gear f o r such a recorder would cost over £600. 
The system employed i n t h i s case used a shaft encoder f i x e d on the 
pen drive mechanism of the recorder, which gave 999 counts f o r the 
recorder pen movement. This output then needed a tra n s l a t o r , power 
u n i t , programmer and tape punch. 
Unfortunately the expense was f a r too high, even f o r the shaft 
encoder alone. 
i a i i l i 
• 
.1 
f 
ft Mr* 
•MWS 
•MBK1 1 m 
' tarn 
m 
t. 
• 
MM 
»4> 
f 
•I 1 mMMSS 
i 
US m • 
£ 
C 9 « 
However with the very kind assistance of Dr. Molyneux from 
Newcastle University we realised that an analogue-to-digital 
converter with an accuracy of Vfo could be b u i l t f o r under £180 
(including punch). This required a potentiometer to be f i x e d 
t o the recorder slidewire. A voltage tapped o f f t h i s isconverted 
i n t o a frequency corresponding t o the recorder signal. I n turn t h i s 
was counted on decatron tubes and the r e s u l t punched on paper tape 
which was f i n a l l y wound onto a spool. 
A second hand 5-hole tape punch was obtained and modified. A 
small power supply was then b u i l t inihe punch housing, and a micro-
switch f i t t e d t o a cam i n order that an "operation complete" signal 
could be obtained a f t e r a hole had been punched. Fig. 20 shows a 
photograph of t h i s punch. 
The c i r c u i t t o be b u i l t was of a design that electronic companies 
would be reluctant t o manufacture owing t o i t s l i m i t e d accuracy i n an 
age where more precision i s required. However the 1$ accuracy was 
we l l w i t h i n the requirements of the f i e l d instruments to be considered. 
Over 70 transistors and 100 diodes were used i n the b u i l d i n g of 
the equipment. I n order to simplify f a u l t f i n d i n g the components were 
mounted perpendicular t o the f r o n t of the panel and were easily 
removeable (Fig. 21). The transistors most commonly used were the 
p-n-p s i l i c o n 0C200 and the n-p-n s i l i c o n 2S701. These are general 
purpose transistors with low leakage current. 
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The -whole u n i t was assembled by Mr* C o l l i n and myself and 
mounted on a rack b u i l t especially f o r the purpose (Fig- 19)> 
with the decatron tubes v i s i b l e and the manual controls easily 
available. These controls allow the performance of the instrument 
to be checked as a l l the operations can be performed slowly* 
The chart drive and tape punch are controlled by a switch on 
the power supply. This can also be controlled remotely by switching 
a relay i n the power u n i t . By these means the units may be switched 
on by a control clock at any predetermined times. 
DESCRIPTION OF CONVERTER 
A s i m p l i f i e d block diagram of the converter i s shown i n Fig. 2J. 
The recorder accepts signals from the f i e l d instruments and p r i n t s 
them on a chart. A precision potentiometer i s f i x e d t o the output 
s l i d e r of the recorder and a voltage i s tapped o f f corresponding t o 
the position of the pen. This voltage from the potentiometer i s 
constantly being converted l i n e a r l y i n t o a frequency. The whole 
cycle of operations i s started by the closing of a microswitch as 
the recorder i s about to p r i n t . F i r s t l y a timing u n i t opens a gate 
f o r a d e f i n i t e short period of time. This allows a number of pulses 
corresponding t o the input signal in t o a decatron counter u n i t where 
they are stored. Secondly a s t a r t pulse i s given t o the programmer 
and a count pulse i s given t o the binary scaler. The programmer, 
with the a i d of another decatron acting as a commutator, selects i n 
tur n what i s t o be punched. I t provides power t o various diodes i n 
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the diode matrix which selects the punching characters, and also t o 
the decatron counter gates which correspond t o the numbers to be 
punched. These i n turn are fed through the output amplifiers which 
are energised j u s t at the moment of p r i n t i n g , and f i n a l l y i n t o the 
tape punch. When a character has been punched, a signal from the 
tape punch t e l l s the programmer t o go ahead with the next character 
until 
-while the required characters and numbers corresponding t o the channel 
j u s t recorded are punched. The reset u n i t i s now activated t o set the 
decatrons back to t h e i r stable state; thus the cycle of operations i s 
completed before the recorder selects the next input. The binary 
scalar counts the input channels recorded and w i l l arrange f o r 'carriage 
return l i n e feed 1 t o be punched i n p a r t i c u l a r places on thetape, permit-
t i n g tabulation of the results on a t e l e p r i n t e r . 
The c i r c u i t employs negative l o g i c , and current isarranged t o flow 
i n t o the output amplifiers where no hole i s t o be punched. 
Messrs. Honeywell Controls Ltd. quote an accuracy of +5$ f o r the 
recorder and the only other cause of error i n the analogue to d i g i t a l 
converter i s the voltage change t o frequency. This, determined 
experimentally, i s about +f#; the ove r a l l error of 1$ f o r t h i s equip-
ment i s w e l l below the f i e l d instruments 1 zero fluctuations. 
CIRCUIT DESCRIPTION 
RECORDER 
The recorder used i s a 16 point instrument with a range of +2.5 mV. 
I t s input channels are printed i n the form of points on a chart at the 
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rate of one every 2.^ sec, and alongside i s printed the corresponding 
channel number. This Honeywell recorder employs a 16 way commutator 
switch which connects the external inputs i n turn i n t o i t s potentiometer 
c i r c u i t . The incoming voltage i s measured against the slidewire 
voltage and any difference between the . ftro i s amplified by a u n i t 
which energises a balancing motor. This motor moves the contactor 
on the slidewire u n t i l the difference i n voltage i s zero. A zener 
diode regulator provides a constant voltage to the measuring c i r c u i t . 
A microswitch was f i t t e d t o the p r i n t i n g arm, and one was also f i t t e d 
to a cam which closes the switch a f t e r channel 16 has printed i n order 
to reset the scalers. The precision potentiometer which supplies the 
voltage-to-frequency converter i s shunted by a 12 K re s i s t o r , i n order 
to help to restore the l i n e a r i t y of the frequency output which i s 
s l i g h t l y non-linear f o r low input voltages. 
VOLTAGE-TO-FREQUENCY CONVERTER (FIG. 2k) 
This i s a u n i t which receives the voltage from the recorder's 
external potentiometer (RVl) and converts i t i n t o the r e p e t i t i o n rate 
of a short pulse. 
The voltage input to the converter i s fed i n t o T2 between i t s 
base and emitter, and from now on f o r t h i s u n i t i s referred to as 
negative with respect to the +18 V l i n e . 
I f the emitter of T3 i s more negative than the base of T3 no 
current w i l l flow from i t s collector and therefore Tk- and T5 w i l l not 
conduct. The p o t e n t i a l of the base of T3 i s therefore f i x e d by the 
resistors 15 K, 1.8 K and 330 8 at about -2 V with respect t o t h i s 
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+18 V l i n e . Suppose that f o r a s t a r t the emitter of T3 i s at 
about - 17 V and the p o t e n t i a l at the slidewire contact RV1 i s 
more negative than 0,k V (the p o t e n t i a l required f o r base current 
to flow i n T2); then the p o t e n t i a l at the emitter of T3 w i l l go 
positive at the rate determined by the 0,01 p,F condenser and the 
resistors 33 K + HV3« 
When the emitter of T3 reaches a p o t e n t i a l of about 0.^ V 
positive with respect t o i t s base the tr a n s i s t o r conducts and the 
collector current which passes int o the base of Tk i s fed back i n t o 
the base of T3« Tne consequence of t h i s i s f o r the conduction to 
increase f u r t h e r and so both the emitter and base of T3 are taken 
rapidly negative. 
This conduction w i l l come t o an end when the current through 
the emitter of T5 i s i n s u f f i c i e n t t o hold T3 and Hk i n the 
bottomed 1 condition. [A P.N.P. tr a n s i s t o r i s "bottomed" when the 
input voltage i s s u f f i c i e n t l y negative t o cause maximum collector 
current t o flow. The collector p o t e n t i a l i s then only s l i g h t l y 
more negative than the emitter p o t e n t i a l , usually about h a l f a v o l t ] . 
Fnen t h i s happens the emitter of T3 i s now at about -17 V and con-
duction stops abruptly leaving the base of T3 to return t o the 
po t e n t i a l determined by i t s r e s i s t o r s . 
During the period where the emitter of T3 i s going positive the 
base of T i s held at about -0.3 V by the resistors 15 K, 1.8 K and 
330 2. This voltage i s smaller than that required f o r base current 
flow and so EL w i l l not conduct during t h i s period. The base of T3 
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i s held at almost earth p o t e n t i a l during the flyback period and so 
the base of T l has now gone s u f f i c i e n t l y negative f o r base current 
to flow. This means that the charging and input currents are 
diverted from the base of T2 to the +18 V l i n e . I f T l were not i n 
c i r c u i t the o s c i l l a t i o n s would only occur over a l i m i t e d range of 
input voltages, due t o the f a c t that the collector current of T2 
at high input voltages w i l l maintain Tj5 and Tk i n the bottomed 
condition. The p o t e n t i a l drop across the capacitor changes i n a 
rapid l i n e a r manner i n the f i r s t phase of the flyback period and 
i n the second phase the p o t e n t i a l on the capacitor i s almost con-
stant at a value close t o that of earth. 
The output frequency i s not a li n e a r function of the input 
voltage, but f o r values up to 2000 c/s the error i s only +0.7 c/s. 
However as the o s c i l l a t o r w i l l not s t a r t f o r input potentials lower 
than Oak V and as the l i n e a r i t y i s poorer f o r low voltages i t i s 
desirable t o l i f t the input voltage by a constant amount and reset 
the counter decatrons to a negative number. This enforces a zero 
count t o be made and thereby gives an almost l i n e a r output. The 
resistors RV2 + 22«.which are connected i n series with RV1 ensure 
that there i s a large enough voltage applied t o T2 and t h i s can be 
changed by RV2 to a predetermined value. 
The use of s i l i c o n transistors renders the c i r c u i t r e l a t i v e l y 
insensitive t o changes i n ambient temperature although any change 
i n the input resistors and the 0.01 condenser w i l l d i r e c t l y a f f e c t 
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the frequency output. These components were therefore obtained with 
low and complementary temperature coefficients. T5 i s purely f o r 
a mplification purposes. 
The k pole 3-way switch S2 and i t s adjacent jack J l are t o 
allow inputs not recorded on the 16 point recorder to be fed d i r e c t l y 
i n t o the analogue-to-digital converter either i n pulse form thereby 
bypassing the voltage-to-frequency converter, or i n voltage from 
similar t o that supplied by KV1. 
M0U0STABLE TIMING UNIT AM) GATE (FIG. 2k) 
From now on potentials are referred to as positive with respect 
to the earth l i n e . The voltage-to-frequencyconverter i s operating 
continuously and i t s input i s allowed i n t o the counters f o r about 
l/lO t h sec. This time i n t e r v a l i s determined by a monostable m u l t i -
v i b r a t o r comprising T6 and T7« The monostable c i r c u i t has one quasi-
stable and one stable state. A negative t r i g g e r pulse from the starter 
u n i t f l i p s the c i r c u i t i n t o the unstable state, and the c i r c u i t sub-
sequently flops back i n t o the stable state. The stable state i s 
with T6 conducting and T7 cut o f f . The t r i g g e r pulse switches on T7 
thereby switching T6 o f f . The collector of T7 goes positive and takes 
the base of T6 positive with i t thus c u t t i n g o f f T6. The 1.7 'uF con-
denser now discharges through fflk and the 68 K and the c i r c u i t auto-
matically switches back when the base-emitter voltage applied t o T6 i s 
approximately zero. The duration of the quasi-stifole state i s 
governed by the 1.7 M.F condenser and INk + 68 K resistors. This 
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monostable f l i p - f l o p therefore delivers one output pulse of a 
pre-determined length f o r each input pulse from the st a r t e r u n i t , 
Hie positive timing pulse obtained from the collector of T7 
i s inverted by T8 and together with the frequency output from T5 
i s fed int o the base of T9« I n the steady state the collector of 
T8 and hence the base of T9 i s held at about +18 V and therefore T9 
w i l l not conduct. However f o r the duration of the timing pulse the 
voltage from T8 i s zero and so the frequency output from T5 causes 
T9 t o conduct at the pulse rate. This i s inverted at the collector 
of T9 and allowed i n t o the counter decatrons. 
The jack J2 allows any other timing pulse t o be fed i n as 
required. 
BISTABLE STARTER UHIT (FIG. 25) 
The recorder microswitch MSI or manual switch PS1, either of 
which sets o f f the whole cycle of operations i n the analogue-to-
d i g i t a l converter, were both found to chatter during i n i t i a l t e s t i n g 
of the equipment. This gave double and treble counts on the 
decatrons depending on the number of pulses passing i n t o the timing 
u n i t . Because of t h i s mechanical chatter a bistable m u l t i v i b r a t o r 
was b u i l t i n order t o give a single t r i g g e r i n g pulse. 
I t consists of two transistors T10 and T i l connected one to 
the other i n such a manner that there i s positive feedback round the 
loop. Each t r a n s i s t o r has two stable conditions, bottomed or cut o f f . 
The application of a t r i g g e r pulse w i l l cause the transistors to 
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change t h e i r states from TlO bottomed !EL1 cut off to TlO cut off 
T i l bottomed or vice versa. I n the normal state TlO i s bottomed 
and T i l cut off, but one (or more) negative pulses from MSI to the 
base of T i l w i l l tend to switch i t on. This w i l l cause the col l e c t o r 
of T i l to go positive which i n turn makes the base of TlO positive, 
and t h i s causes TlO to cut off thereby causing i t s col l e c t o r and the 
base of T i l to go negative causing T i l to conduct. The unit i s then 
i n s e n s i t i v e to any more input pulses and therefore a single negative 
pulse can be taken from the co l l e c t o r of TlO. To rese-t^ or return the 
unit to i t s o r i g i n a l state^ a negative pulse i s applied to the base of 
TlO but t h i s w i l l be dealt with l a t e r . 
Jack Jj5 allows for the insertion of a separate negative pulse to 
bring about the cycle of operations described. 
THE COUNTER DECATRONS (FIG. 26) 
By using cold cathode decade counter tubes f or single pulse 
operation f o r t h i s unit, the count could be displayed v i s u a l l y as 
well as being read out e l e c t r i c a l l y . A negative input pulse steps 
up the glow i n succession through each of the ten main cathodes. The 
type used (EZIOA) permits counting rates up to 300*000 pulses per 
second which was we l l above the rate required i n t h i s equipment. The 
action of the EZ10A i s independent of the shape of the input pulse 
but the manufacturers recommend that a diff e r e n t i a t e d square pulse 
with 80-100 V peak amplitudes be used (Fig. a ) . The amplitude of 
the output pulse i s about 7 V (Fig. b ) . 
63 
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(b) B0-100V 
(a 
I t w i l l be noted that the main output pulse i s preceded by a 
'pre-pulse 1 of lower amplitude of about 2V. The pre-pulse has a 
duration comparable with, that of the a u x i l i a r y cathode pulse and 
i t occurs because the main cathode i s pre-ionized by the discharge 
of i t s adjacent cathode. This pre-pulse was found to a f f e c t the 
action of the following decade and hence i t was necessary to use a 
diode gate c i r c u i t i n the tens and hundreds counters. 
The diode Dl i s therefore biased to 2 V by a potential divider 
and t h i s allows only the top part of the cathode pulse from the 
previous counter to pass into the base of T J l . I t was a l s o necessary 
when assembling the apparatus to connect the anode r e s i s t o r d i r e c t l y 
to the tube socket to avoid self-capacitance which l e d to p a r a s i t i c 
o s c i l l a t i o n s causing f a l s e counts. 
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6k, 
The positive pulse of amplitude 7 V i s passed into the base 
of Tjjl which i s a high voltage germanium switching tra n s i s t o r * The 
c o l l e c t o r of TJlgoes sharply negative and the differentiated pulse 
i s the decatron driving pulse. 
The output from each decatron i s taken from gates Gl, one gate 
corresponding to each hole i n the tape. As the code used i s binary 
coded decimal i t means the gates w i l l occupy positions 1, 2, k, 8, 0 
on each decatron. Hie cathodes from the other positions on the 
decatrons are connected to t h e i r appropriate gates through diodes 
which prevent feedback. 
To reset the counters to any number a short negative pulse of 
about 120 V i s applied to the corresponding position. 
As mentioned e a r l i e r i t was necessary to reset the counters 
to 989 and so a zero count of 11 w i l l overcome the non-linearity 
of the voltage-to-frequency converter. 
PBQGRAMMEB (FIG. 27) 
This complex log i c c i r c u i t has the power to acti v a t e , i n order, 
any section of the analogue to d i g i t a l converter when i t receives 
signals to do so, and also waits for one action to be completed 
before s t a r t i n g with another. By these means no part of the con-
verter can be overlooked and every character w i l l be punched. The 
programmerworks i n close contact with the commutator decatron (Fig. 28), 
the workings of which are described l a t e r . 
65. 
a) Clock pulse generator 
Consider f i r s t l y that the glow i s resting on the zero cathode 
of the commutator as t h i s w i l l be the ^ es:t position. Due to this, 
therefore, some current passes into the base of Tlk switching i t on 
and pitting i t s c o l l e c t o r at earth potential. I t i s held i n that 
state because there i s an e f f e c t i v e short c i r c u i t between the emitter 
and collector. This maintains the emitter of Tl6 at about 9 V <3ue to 
the potential dividing action of the two IM r e s i s t o r s . Tl6 w i l l not 
conduct unless i t s emitter i s more positive than i t s base and without 
i s 
any current flowing the base potential/fixed by the 12 K and 22 K 
r e s i s t o r s to be about 12 V. 
I f somehow the glow can be made to move from the zero cathode 
then Ilk no longer conducts and the o s c i l l a t o r w i l l run. The glow 
i s removed by the recorder momentarily closing the switch MSI or by 
manual control FpJ. This passes a sharp negative pulse into the 
base of T15 which then conducts f o r a short period of time. This 
causes the emitter of T15 and hence the base of Tl6 to go sharply 
negative and thus Tl6 conducts. As i t does so T17 conducts, and 
so does Tl8 which produces a clock pulse from i t s collector. The 
eff e c t of t h i s clock pulse i s to produce one driving pulse to the 
commutator decairon and thus the glow moves from the zero position 
to position 1. Because there i s no longer any current flowing from 
the zero position Tlk no longer has any base current and therefore 
cannot conduct; hence Tl6 cannot conduct. The complex of Tl6, T17 
and Tl8 therefore proceeds to o s c i l l a t e , and the rate at which i t 
66. 
o s c i l l a t e s i s governed by thelM r e s i s t o r and 0.35 M3? condenser. 
The operation of the o s c i l l a t o r i s as follows. Assuming that 
a clock pulse has j u s t been formed the emitter of Tl6 w i l l be 
somewhere near earth potential. The capacity i s charged to about 
18 V but i t doesn't stay l i k e that. I t proceeds to discharge, or 
r 
change p o s i t i v e l y through the 2M r e s i s t o r going more and more posi-
t i v e . Sooner or l a t e r i t w i l l get positive with respect to the base 
of Tl6 and when i t does Tl6 conducts s l i g h t l y . Hie potential on the 
base of T17 now causes t h i s t r a n s i s t o r to conduct s l i g h t l y between 
co l l e c t o r and emitter which has the e f f e c t of lowering the potential 
on the base of Tl6. This action now allows Tl6 to pass more current 
and the process continues very quickly causing Tl6 and TIT to go hard 
into conduction. The emitter of Tl6 i s driven i n the negative direc-
t i o n thus recharging the O.35 fJT condenser to the condition started 
with. The conduction of course stops when t h i s point i s reached due 
to the emitter being negative with respect to the base, so that the 
condenser discharges v i a the 3M r e s i s t o r again. The oscilloscope 
picture of the voltage across the condenser w i l l therefore be a 
saw-tooth waveform which shows the voltage going slowly positive and 
rapidly negative. Each time conduction takes place the emitter 
current of T1J goes into the base of Tl8 which merely serves as an 
amplifier and thus a clock pulse i s produced at i t s collector. So 
naturally when switch MSI or PS3 i s closed, the programmer s t a r t s with 
an a r t i f i c i a l clock pulse and thereafter runs i t s e l f u n t i l the glow 
once more r e s t s on the zero cathode. 
6 7. 
The duration of the clock pulse i s adjusted by varying the 
capacitance so that i t i s j u s t a l i t t l e longer than the time the 
punch takes to complete a punching cycle. The object of t h i s w i l l 
be seen l a t e r but i t ensures that the punch i s working f a s t and 
there i s no p o s s i b i l i t y of missing parts of the code, 
b) Memory unit (Bistable) 
S i l i c o n t r a n s i s t o r s have negligible leakage current, that i s to 
say no current flows i n the co l l e c t o r c i r c u i t unless there i s base 
current of the order of 100 jjA. This unit i s made up of a combina-
tio n of a p-n-p (T2l)and an n-p-n (T22) t r a n s i s t o r . I n the stable 
state neither T20 nor T21 are taking current and therefore there i s 
no c o l l e c t o r current. This means the base of T20 i s naturally a t 
earth potential. Similarly the base of T21 i s at +18 V and i t w i l l 
stay l i k e t h i s forever unless the base potentials are altered. The 
negative clock pulse i s fed into the base of T21 and t h i s t r a n s i s t o r 
w i l l now momentarily conduct. Current w i l l flow from i t s emitter to 
col l e c t o r and hence a small amount of current flows into the base of 
T20. This t r a n s i s t o r therefore conducts and supplies further base 
current to T21. The c i r c u i t therefore rapidly goes into a conducting 
state i n which the current i s li m i t e d only by the resistances i n the 
emitter c o l l e c t o r l i n e s and the load. 
The t r a n s i s t o r s T20 and T21 are now very heavily bottomed and 
so the clock pulse has succeeded i n causing the complex of T20 and 
T21 to maintain i t s e l f i n the 'on1 position* The unit therefore 
has two stable states, either both conducting or both cut off. 
68. 
When the unit i s i n the 'on' condition i t causes power to be 
supplied to the output amplifiers, commutator gates and run out 
relay and also drives the commutator on one position. The run out 
relay s t a r t s the punching action and when t h i s i s complete a cam 
i n the punch closes switch MS2 (the 'operation complete 1 switch). 
This switch makes the base of T19 negative with respect to i t s 
emitter and thus switches i t on, thereby diverting the current from 
the c o l l e c t o r of T20 away from the base of T21. This therefore 
breaks the memory unit loop and T20 and T21 turn themselves off. 
c) Bun out Amplifier 
This unit comprises T23, T2k, and T25. 
The rel a y s i n the output amplifiers operate electromagnets 
i n the punch which bring plungers into position in order for holes 
to be punched. They are driven through the tape by a cam connected 
to the punch motor through an electromagnetically operated clutch. 
This i s controlled by the run out amplifier relay operated by T25. 
The closing of PS5 manually w i l l have the same e f f e c t on the run out 
relay as the "bottoming" of the t r a n s i s t o r s i n the memory unit. 
The negative step voltage from the c o l l e c t o r of T20 passes into 
the base of T23, i s inverted and passed into T2^ which, whilst 
normally conducting, i s now switched off. 
I n consequencg. of t h i s the 2.0 |oF condenser begins to charge; 
t h i s introduces a s l i g h t time delay which allows the output relays to 
bring the plungers into position before the punching action commences. 
The base of T25 begins to go negative u n t i l , when the t r a n s i s t o r 
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switches, the run out relay i s operated. The zener diode Z i s i n 
c i r c u i t to increase the time d e l t a s the potential has to r i s e to a 
p a r t i c u l a r l e v e l before the zener diode allows the t r a n s i s t o r to 
conduct. The diodes i n the emitter and c o l l e c t o r l i n e s protect the 
t r a n s i s t o r from emf's induced i n the relay c o i l when i t i s switched 
on or off. 
d) Commutator drive 
The negative step voltage on the base of T22 caused by the 
memory unit being switched on, i s inverted by i t and passed into 
the commutor drive t r a n s i s t o r T28. 
COMMUTATOR (PIG. 28) 
The pulse from T22 i s differentiated, passed into the base of 
the high voltage t r a n s i s t o r T28 and the r e s u l t i n g d i f f e r e n t i a t e d 
sharp negative pulse drives the commutator on one position. 
The positions of the discharge on t h i s decatron determines the 
operation to be performed and are as follows: 
0 - stand by position 
1 - *Space 1 i s punched 
2 - 'Hundreds' d i g i t punched 
3 - 'Tens' d i g i t punched 
k - 'Units' d i g i t punched 
5 - A l l units reset except binary s c a l a r unless T29 i s conducting 
6 - 'Carriage return' i s punched 
7 - 'Line feed' i s punched 
8 - Binary scalars are reset 
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9 - A l l -units reset except binary s c a l a r s . 
I f the discharge i s from positions 1,2,36 or 7 the current 
gasses into gates G2 (described l a t e r ) and thence to the part of 
the c i r c u i t where the operation i s to be performed. I f however the 
glow r e s t s i n position 5 and T29 i s not conducting then the reset unit 
i s set into operation and a l l decatrons are reset to zero. However 
when the binary s c a l a r has a r r i v e d at i t s present number, current 
flows into the base of T29 which e f f e c t i v e l y short c i r c u i t s the dis -
charge current to earth and hence no units are reset. The commutator 
then steps on one position a t a time u n t i l , when i t reaches 8, the 
current into the base of TJO has the property of earthing the c o l l e c -
tor potential of t h i s t r a n s i s t o r and hence resets the binary s c a l a r s . 
This can also be done manually by pushing PS6. 
When the glow reaches position 9 the reset unit i s activated 
once more and the commutator reset at the zero position. 
OUTPUT AMPLIFIER AID COMMUTATOR GATES (FIG. 29) 
I f the glow on the commutator decatron i s i n position 1 then 
current w i l l flow into the base of T33 i n the f i r s t gate (G2). This 
current switches on the t r a n s i s t o r and e f f e c t i v e l y short c i r c u i t s 
the emitter and collector. As the col l e c t o r i s at +18 V then t h i s 
voltage i s applied to the 'space 1 position of the diode matrix 
(Fig. JO) and onto the output amplifiers 1 and 2. Because of the; 
negative lo g i c of the c i r c u i t these positions are the ones where no 
holes are to be punched. The diode from the base of G2, i n conjunction 
71. 
with the s t a b i l i z e d supply from the zener diode, chops the top 
off the pulse from the commutator cathode. The reason for t h i s 
i s that the output from G2 into the diode matrix and counter gates 
must not be ragged and hence by squaring the commutator pulse a 
better shape i s obtained at the emitter of T33» The incoming 
si g n a l to the diode matrix i s passed onto the base of T37 which 
conducts, and lowers the base potential on T36 switching i t off. 
Hence that relay w i l l not work. In the output amplifiers on which 
there i s no signal to switch T37 on, T36 conducts and the relays 
w i l l operate and punch holes. However i f there was always a 
potential on the base of T36 (from A) the output amplifier relay 
would operate during the r e s t position and so with the a i d of an 
'and* c i r c u i t t h i s power i s only switched on when both the memory 
unit i s on and a gate G2 i s taking current. 
Hhe negative step voltage from the memory unit switches on T26 
and t h i s causes the emitter of T27 to r a i s e i t s potential to +18 V. 
Also when a gate G2 i s taking current through the 10 K r e s i s t o r the 
base potential of T27 drops and t h i s t r a n s i s t o r i s switched on. 
Die e f f e c t of the diodesbetween the base of T27 and the +18 V l i n e 
i s to l i m i t the current at the base to prevent destroying the 
t r a n s i s t o r . The two diodes w i l l obviously lower the current for a 
Fig. (a) 
p a r t i c u l a r voltage more than for a single diode. / Hence only when 
the 'and1 c i r c u i t i s on i s there a current flowing into the base 
of T36, and the output relays w i l l only operate at these times. 
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COUNTER HECATROH' GATES AKD DIOHE MATRIX (FIG, 30) 
The second clock pulse w i l l step the commutator to position 2 
and the next gate G2 i s opened. This time however the voltage i s 
not applied to the diode matrix but to the f i v e Gl gates of the 
hundreds decatron. E i t h e r one or three of these gates w i l l have 
voltages applied to the base of t h e i r t r a n s i s t o r s (T32) depending 
on which ever of the decatron cathodes the glow i s resting on. 
The t r a n s i s t o r therefore conducts and the voltage from the commu-
tator gate (G2) i s fed to earth. The remaining gates (Gl) are 
s t i l l closed and so the voltage from the commutator w i l l pass 
d i r e c t l y to t h e i r corresponding output amplifiers and t h e i r action 
w i l l be surpressed. In t h i s case therefore holes are punched on 
the tape i n the positions corresponding to the gates (Gl) which 
have current flowing through t h e i r t r a n s i s t o r bases. 
As the commutator i s stepped on to positions 3 and h the 
tens and units decatron gates are activated i n a s i m i l a r manner, 
whereas when the glow i s on positions 6 and 7 the current flow i s once 
more through the diode matrix. 
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RESET UMT (PIG. 31) 
In commutator position 9 and often position 5, current flows 
from the cathodes to the base of T13 which switches on a gives a 
negative pulse on the base of T12. This pulse can als o be manually 
obtained by pressing PS2. The e f f e c t of t h i s i s for T12 to conduct 
momentarily and with the a i d of a step up transformer a large nega-
t i v e pulse from the secondary c o i l i s applied to the trigger of the 
cold cathode tetrode GTE 175 M. This causes the tube to f i r e drawing 
current through the anode r e s i s t o r , and hence the anode potential drops 
below the running voltage of the tube, which cuts off. The large 
negative pulse on the anode of the tetrode i s fed v i a condensers to 
reset the decatrons and s t a r t e r unit. 
I t was necessary to set the voltage of the sustainer electrode 
about 100 V motfe negative than the cathode so that i t s discharge does 
not go out when the main discharge i s extinguished. The reason for 
t h i s i s that owing to the small number of free electrons i n the tube 
i t may be a while before ionization i s s u f f i c i e n t for i t to be 
restored. 
BIMRY SCALER (FIG. 32) 
In order for a t e l e p r i n t e r to print the punched data i n columns, 
the code "carriage return l i n e feed" has to be inserted on the tape 
at s p e c i f i e d points. Fortunately the recorder i s a 16 point i n s t r u -
ment and 16 i s a binary number. I f therefore f i v e scale-of-two 
counters are b u i l t , outputs can be obtained at the end of 1, 2, k, 8 
or 16 counts, and the output used to switch.on T29. This shorts the 
7k. 
reset action of the number 5 cathode on the commutator which then 
progresses to positions 6 and 7 "to punch the required code. The 
output of the t e l e p r i n t e r can therefore be set into columns of 
1, 2, k, 8 or 16 numbers. 
The binary counter shown i n F i g . 32 i s based on the Eccles-Jordan 
b i s t a b l e c i r c u i t . The basic requirement f o r such a c i r c u i t i s that 
each of a s e r i e s of unidirectional pulses applied to the c i r c u i t 
should cause the c i r c u i t to change from one stable state to the other. 
In t h i s way the bi-stable c i r c u i t carrie© out one complete cycle for 
every two input pulses, and w i l l give an output of one d i r e c t i o n a l 
pulse f o r each cycle. A d i v i s i o n by two i s thus achieved from input 
to output. 
Consider the state where T^k i s conducting and T55 i s °ff» The 
base of T$k w i l l now be s l i g h t l y negative with respect to i t s emitter 
and therefore diode Dl w i l l be conducting. T55 i s cut off and i t s 
base i s at the same potential as i t s emitter and so D2 w i l l not be 
conducting. A negative pulse applied from the s t a r t e r unit through 
the 0.1 ixF condenser w i l l therefore be passed by the diode which i s 
most p o s i t i v e l y biased (D2), and t h i s has the property of switching 
TJ5 on. The consequence of t h i s i s for the base of Tjk to go posi-
t i v e to the potential of i t s emitter thereby switching i t off and 
one cycle has been completed. The output from the c o l l e c t o r of 
i s taken up to the next binary s c a l a r and a l s o to a single 
pole f i v e way selector switch. This switch can then s e l e c t which of 
> 
r -
O 
O c m 
H 
O 
o 
^ r 
o o z < m 
H 
m 
"0 
§ m 
73 
V) c "D u r -< 
A / V W V \ A / V V W V V W 
2 RRD ^ KKTiOO^ Q 01 ? 
O Of 
i ; o o 
m 33 
m 33 
O 
m 
in 
S 5 
m on 
1 K M o 8 r iv> -< !*5 CO5 
(A) 
1 
2 I 
75-
the binary pulses i t needs to pass on to the base of T29. The f i v e 
scalers are reset both from the 9 position of the commutator and 
also from a micro-switch on the recorder which closes a f t e r channel 
16 has printed. This reset action i s simply the connection momen-
t a r i l y of the base of T35 to earth p o t e n t i a l on a l l the scalers, 
thereby returning them a l l t o the same state at the same time. 
The tape from the punch i s automatically wound onto a spool 
driven by a motor with a slipping drive connection. This ensures 
the tape i s wound t i g h t l y without r i s k of tearing. 
POWER SUPPLIES 
Two power units supply the analogue-to-digital converter. 
Power supply 'X1 (Fig. 33) i s situated inside the tape punch housing 
and power supply *Y* (Fig. 3*0 i s mounted on the main rack. The 
former u n i t , employing an auto transformer, supplies 120 V A.C. to 
the punch motor, 80 V D.C. to the punch relays, 3° WD.C. to the 
tape winder and 12 V D.C. to the punch run out relay. R e c t i f i c a t i o n 
i s achieved using s i l i c o n r e c t i f i e r s . 
Power u n i t JY' however supplies D.C. voltages t o the main 
anaologue-to-digital converter. The 2^0 V A.C. input to t h i s power 
pack can be switched on manually using a double pole double throw 
switch, and as t h i s i s done a neon bulb illuminates a red disc on 
the f r o n t panel. This mains voltage i s also fed to the recorder 
amplifier and to two transformers. One transformer gives a 20 V 
A.C. output whereas the other transformer gives three A.C. outputs, 
namely 90 V, 5 V and 700 V. The 20 V, A.C., a f t e r being r e c t i f i e d ' 
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with a bridge r e c t i f i e r , i s s p l i t i n t o two outputs, one s t a b i l i z e d 
and one not. One of these, incorporating an 1 8 "V zener diode and a 
2000 jjF condenser, supplies the s t a b i l i s e d supply 1 8 V(A) t o the 
converter, and the other using two ^>000 (J? smoothing condensers 
supplies the unstabilised 1 8 V ( B ) to the converter. This l a t t e r 
unstabilised supply i s fed to the high current transistors and the 
relays, as i f there had only been a single 1 8 V supply the constantly 
varying load would greatly hinder the s t a b i l i s a t i o n necessary f o r 
certain transistors. 
The 5 V output from the second transformer i s the heater supply 
t o a double diode r e c t i f y i n g valve type no. 5Uta. To allow f o r 
full-wave r e c t i f i c a t i o n the centre tap of the 700 V winding i s 
earthed and the output smoothed with two k jaF condensers and a 1 0 H 
choke giving a 500 V D.C source. The 90 V A.Co supply i s r e c t i f i e d 
with a s i l i c o n r e c t i f i e r and smoothed, but one side of the output i s 
conaected to the 1 8 V ( B ) supply giving a t o t a l of 1 1 0 V D.C. output 
f o r the decatron drive. The manual switch SI or relay switch A l 
allows 2^0 V A.C. to be fed i n t o the punch power supply and therefore 
places t h i s u n i t i n the standby p o s i t i o n ; a neon bulb i n t h i s c i r c u i t 
illuminates a green disc on the panel. Another manual switch S2 or 
relay switch A 2 feeds 500 V DC onto the anode of the decatron tubes. 
This voltage i s only switched on during recording so as not t o cause 
a glow on a position ofthe decatron tubes whilst they are not i n use 
so as to lengthen t h e i r l i f e . 
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I t i s possible t o switch the relays A l and A2 automatically 
along with the chart drive switch thus allowing the analogue-to-
d i g i t a l converter and recorder to come in t o operation. The socket 
outputs from power supply *Y5 are shown at the top of Fig. 3^ - and 
they are a l l placed at the rear of the u n i t so that they are easily 
accessible. 
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CHAPTER 6 
LABORATORY TESTING OF THE SPACE CHARGE COLLECTORS 
GEflERAL 
MOORE ET AL„ (1961) investigated the properties of the f i l t e r 
medium used i n these collectors by drawing a i r containing approxi-
mately 10s condensation nuclei per cm3 through the f i l t e r , and by a 
photometric method of evaluation concluded that the f i l t e r removes 
99$ or more of these nuclei. 
However, as can be seen from Table J the radius of large ions 
and condensation nuclei i s a factor of 100 larger than that of small 
ions and, as small ions contribute a major part of the atmospheric 
space charge away from c i t y a i r , I thought that these previous tests 
were i n s u f f i c i e n t t o prove the r e l i a b i l i t y of the collector. I f i t 
could be shown that the space charge collector could remove a high 
proportion of small ions t h i s type of apparatus would be an excellent 
space charge measuring device i n clean a i r . 
TABLE 5 
RADIUS 
cm x 10-a cm sec" 
MOBILITY" 
f 1 per v cm' ,-1 
Small ions 6 1-2 
Intermediate ions I6-7O 0.2-0.01 
Large ions 8O-5OO O.OO8-O.OOO3 
Fine dust, smoke, etc. 100-100,000 O.OO5-O.OOOOOO5 
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The actual tests were carried out during a period of two months 
i n a small room of dimensions 3 m x 3.m x 4 m where there was very 
l i t t l e disturbance of the a i r due t o human sources. 
RECORDING EQUIB4ENT AND CALIBRATION 
During the e a r l i e r part of the tests when no accurate flow-
measuring equipment was available i t was d i f f i c u l t t o measure the 
volume of a i r that the three stage cent r i f u g a l fan had sucked through 
the f i l t e r . A v e n t u r i tube was constructed and inserted i n the rubber 
tubing exhaust lead from the space charge collector. Using a standard 
water manometer a pressure drop was observed, but i n order t o obtain an 
acceptable value f o r the flow i t was necessary to purchase a manometer 
suitable f o r measuring the pressure difference much more accurately. 
However i n the mean time the Northern Gas Board had agreed to our 
purchasing some second hand gas meters; thus the venturd tube method 
was abandoned. 
In the few weeks before the meters were due to ar r i v e a rough 
c a l i b r a t i o n was carried out using a 90 cu. f t . polythene bag. This 
was made with a regular shape of sides 5 f t . x 3 f t . x 10 f t . with a 
small hole i n one corner i n which the extractor fan exhaust could be 
placed. The bag lay between cupboards so placed that i t s shape 
remained rectangular while i t was being i n f l a t e d , and a c a l i b r a t i o n 
curve drawn of voltage supply to the extractor fan against volume of 
a i r passed per sec. The resistance to flow, due to the polythene bag, 
would be very s l i g h t owing to the very t h i n polythene sheet from which 
i t was constructed. For the l a t e r tests however the gas meters were 
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obtained; they had already been calibrated t o 1$. 
Two v i b r a t i n g reed electrometers were used t o measure thecurrent 
flowing t o earth from the space charge collectors and the outputs 
from the amplifiers were fed t o recording apparatus i n an adjacent 
dark room. 
The recording was carried out photographically. Two Tinsley 
mirror galvanometers were used, each having a periodic time of 2 sec. 
In order t o give c r i t i c a l damping, shunt resistors of 10 K were 
connected across the coil s which hdd resistances of about 45 ohms. 
The s e n s i t i v i t y could be altered at the v i b r a t i n g reed electrometer 
main amp l i f i e r u n i t which gave an output of 1 mA f u l l scale indepen-
dent of the voltage range selected. 
The camera used f o r these recordings was made i n the laboratory 
workshops and i t was equipped t o take a 100 f t r o l l of 2kO mm width 
recording paper. I n order t o drive the camera a geared down 2k V D.C. 
motor was used (the supply coming from a mains r e c t i f i e r u n i t ) and 
t h i s gave a paper speed of 36 inches per hour. The galvanometer lamps were 
focussed t o give a p a r a l l e l beam of l i g h t through a v e r t i c a l s l i t . 
This was re f l e c t e d from the plane mirrors f i x e d t o the galvenometer 
suspensions onto the p l a s t i c camera lens which, being a c y l i n d r i c a l 
horizontal lens, focussed the v e r t i c a l s l i t image to give a spot on 
the recording paper. I n l a t e r experiments a fogging lamp was switched 
i n t o operation f o r 50 sec i n every minute t o provide a time scale f o r 
record analysis purposes. This u n i t was operated by a microswitch 
and cam driven by a mains powered motor r o t a t i n g once every minute. 
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The galvanometers were arranged to give a centre zero on the 
recording paper but the traces were separated s l i g h t l y i n order to 
be easily distinguishable from one another. 
POLONIUM ION GENERATOR 
For the purpose of the tests i t was necessary t o increase con-
siderably the concentration of small ions i n the a i r and an a r t i f i c i a l 
ionizer had thus t o be constructed. Usually one assumes that ions 
formed i n the a i r are a l l of the same kind independent of the a i r 
ionizer. This assumption i s , with some exceptions, correct when 
producing ions i n pure gases under reduced pressures, but not i n a i r 
at atmospheric pressure. Hot bodies and corona discharge have been 
found t o form ions with low and high m o b i l i t i e s (SIKSNA 1955). Also 
u l t r a v i o l e t radiation produces a predominance of large ions (NORINDER 
and SIKSNA 1952). The experiments to be performed would benefit i f 
the small ion concentration of the a i r f a r outweighed the large ion 
concentration and i t was therefore considered advisable to b u i l d a 
polonium ion-generator from which only small ions would be expected. 
HICKS (1956) had described such a generator f o r use i n the 
b i o l o g i c a l air-conditioning of hospitals, and an instrument similar 
i n design was constructed f o r the t e s t i n g of the space charge collec-
t o r s . A photograph and schematic diagram of the polonium ion-generator 
are seen i n Figs. 35 a n < i 36. 
A brass tube ^> cm. In diameter had a s t r i p of Po 210 f o i l placed 
on the inside 2 cm below the top of the tube. This was insulated, 
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with perspex, from a 2k V D.C. blower motor which was used t o 
propel a i r through the tube and i n t o the enclosed room where the 
tests were to be carried out. Negative ions were separated by-
connecting the negative terminal of a high tension battery to the 
tube and the positive terminal to earth. I n the radium decay series 
Po 210 i s the l a s t radioactive element, giving an advantage that only 
a-rays are emitted without any by-products which cause large ions and 
therefore only small ions are produced. 
THE TESTS 
The space charge collectors were f i r s t placed side by side on a 
bench i n the dust free room and the extractor u n i t placed outside the 
door to reduce ionisation caused at the carbon brushes. As the gas 
meters were not yet available i t had to be assumed that a 'Y* function 
i n the extractor hose upstream from the fan would cause equal pressure 
drops across both f i l t e r s . 
The windows of the room were opened and an extractor fan switched 
on t o a i d c i r c u l a t i o n of the a i r . Eesults showed very similar traces 
from both collectors, but i t must be appreciated that the room w i l l 
contain small pockets of varying space charge giving r i s e t o s l i g h t 
discrepancies between the traces. 
Both collectors were now placed i n tandem i n order to calculate 
the amount of charge caught i n the downstream f i l t e r , and simultan-
eous readings were recorded on the photographic paper* The trace 
shown i n Fig. 37 i s a photograph of a t y p i c a l r e s u l t where the 
conditions were as shown. 
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Prior t o any set of results being taken the galvanometers were 
calibrated i n position so as to overcome the p o s s i b i l i t y of zero 
change since the l a s t record. The two traces were f o r d i f f e r e n t 
s e n s i t i v i t y ranges i n order to amplify any effect i n the downstream 
collector. I t can be seen that less than Vfo of the charge appears t o 
escape through the f i r s t f i l t e r . Similar readings have been obtained 
over a wide range of flow rates and with the collectors interchanged. 
These tests however did not indicate exactly how many ions were 
evading both f i l t e r s without being recorded. The answer t o t h i s was 
obtained with the use of a c y l i n d r i c a l ion counter kindly loaned by 
Mr. K.A. Higazi of t h i s Department. This was used f o r measuring the 
concentration of small ions present i n the room before and a f t e r 
f i l t r a t i o n . 
The ion counter was f i r s t described by EBERT (l90l) and i t 
consists of a hollow cylinder with a smaller coaxial cylinder as 
shown schematically i n Fig. (a). Screening i s provided by means of 
an earthed aluminium box cover. A i r i s drawn between the two cylinders 
by an extractor fan and a po t e n t i a l difference i s applied between the two. 
1>3 
V. 3 
Fig. (a) 
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Consider an ion P of mo b i l i t y K i n a condenser of length L with 
inner and outer cylinder r a d i i r and R respectively. Let the a i r 
flow be u and the p o t e n t i a l difference V i n such a di r e c t i o n as to 
a t t r a c t the ion t o the central electrodes The ion P has two perpen-
dicular v e l o c i t i e s 
dx V = -rr = u x dt 
v = $ = KF = - K |¥ y dt dy 
where F i s the i n t e n s i t y of the e l e c t r i c a l f i e l d . The p o t e n t i a l 
gradient at a point y from the axis i s given by 
dV V 
dy ~ _ R y l o g e -
b e f o r e - = f a g u 
y i°se -
and ' KV , ., R , — dx = - log — y dy u e r ^ ^ 
and i n order f o r a l l ions of mobi l i t y K t o be captured inside the 
length of the condenser 
KV r L. . R rv A 
—> dx = - log — / y dy 
u J &e rj 
o R 
KVL 1 , R I—a o \ 
— = 2 l o g e - ( R 2 - r 2 ) 
For a p o t e n t i a l V therefore, the inside electrode of the con-
denser w i l l capture ions with the mob i l i t y of 
K u ( R a - r g ) L O G R 2VL &e r 
and ions of smaller mob i l i t y w i l l not be captured. 
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The dimensions of the Durham i o n counter were R = 2.8 cm 
r = 0.6 cm L = J2 cm and the p o t e n t i a l d i f f e r e n c e V was such as 
t o a t t r a c t a l l ions w i t h m o b i l i t y g r e a t e r than 0.8 cm sec" 1 per V cm*"1 
f o r a 3 l i t r e s s e c - 1 a i r f l o w through the tube. 
The c e n t r a l e lectrode of the i o n counter was connected through a 
10 1 1 ohm r e s i s t o r t o e a r t h and a v i b r a t i n g reed electrometer was used 
t o measure the p o t e n t i a l d i f f e r e n c e across i t . Gas meters were used 
t o measure the f l o w and once more the e x t r a c t o r f a n was placed outside 
the room. 
The r e s u l t s o f t h i s experiment can he seen i n Fig* 38 which has 
been t r a c e d from the photographic record. F i r s t l y the polonium i o n -
generator was switched on and negative small ions were produced. A 
d e n s i t y of 12,000 negative small ions cm"3 was recorded on the i o n 
counter* Secondly the i o n counter was attached t o the exhaust side 
of a space charge c o l l e c t o r and the f l o w a d j u s t e d t o be i d e n t i c a l t o 
t h a t i n the f i r s t stage of the experiment. Photographic records were 
taken of these two r e s u l t s b u t w i t h d i f f e r e n t scale s e n s i t i v i t i e s . 
The v i b r a t i n g reed electrometer used f o r t h i s experiment had a f l u c -
t u a t i n g zero e r r o r on t h i s very s e n s i t i v e scale and t h i s was a l s o 
recorded i n order f o r c o r r e c t i o n s t o be made. By measuring t o the 
t o p of the peaks recorded as a i r flowed, i t was c a l c u l a t e d t h a t the 
c o l l e c t i o n e f f i c i e n c y of the f i l t e r was b e t t e r than 99»8$ f o r small 
ions w i t h a f l o w of 3 l i t r e s sec" 1 through the f i l t e r . 
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Seme ions of lower m o b i l i t y must have been recorded by the i o n 
counter b u t even a l l o w i n g f o r a 10$ inaccuracy i n the number c o l l e c t e d 
the f i n a l r e s u l t s are very s i m i l a r . 
I t can t h e r e f o r e be assumed t h a t the number of intermediate and 
l a r g e ions escaping c o l l e c t i o n a t the f i l t e r must be very much smaller 
than 0.2$ f o r the f l o w used. 
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CHAPTER 7 
INSTALLATION AND OPERATION OF APPARATUS AT THE OBSERVATORY 
THE SITE 
Durham U n i v e r s i t y Observatory stands on a h i l l 120 m above 
sea. l e v e l and. about 1 Kin t o the west of Durham C i t y . The observatory 
i s surrounded by a g r i c u l t u r a l l a n d and i s w e l l away from l a r g e sources 
of atmospheric p o l l u t i o n . The s i t e o f f e r s many advantages and a use-
f u l set of m e t e r o l o g i c a l instruments are maintained t h e r e . Pig. 59 
shows a photograph of the observatory and F i g . kO gives an idea of 
the type of country overlooked by the b u i l d i n g . 
The 21 m l a t t i c e mast on which the instruments were placed i s 
a t the centre of a f i e l d about 80 m due west of the observatory. 
The mast, which can be seen i n F i g . kl} was erected by the North 
Eastern E l e c t r i c i t y Board i n 1962 and i s guyed a t f o u r p o i n t s . I t 
has a ladder r i g i d l y b o l t e d t o one side l e a d i n g up t o a p l a t f o r m 1 m 
below the t o p , and an arm i s f i x e d j u s t below t h i s p l a t f o r m on the 
southern side of the mast t o c a r r y a p u l l e y f o r h o i s t i n g . 
INSTALLATION OF EQUIPMENT 
Because of the distance from the mast t o the observatory i t 
was necessary t o i n s t a l l some of the e l e c t r o n i c equipment, gas meters 
and j u n c t i o n boxes a t the f o o t of the mast. For t h i s reason two boxes 
were b u i l t . The l a r g e s t of these was erected 2 m from the base of the 
mast and was constructed on short legs w i t h an upper and lower com-
partment. The instruments i n the lower compartment could be observed 
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by opening doors a t e i t h e r side w h i l s t t o gain e n t r y t o the upper 
deck the s l o p i n g r o o f had t o be l i f t e d o f f . The outside of the 
box, was covered w i t h aluminium sheet and the v a r i o u s connecting 
cables were brought through holes cut i n the underside. The lower 
deck contained two v i b r a t i n g reed electrometer i n d i c a t o r u n i t s along 
w i t h three bulbs which were always switched on and were a c t i n g as 
heaters. An l8-core cable from the observatory was connected t o a 
j u n c t i o n box i n the upperdeck where there were a l s o i n s t a l l e d s i x 
250 V A.C. sockets and a c o a x i a l cable j u n c t i o n box. I n another 
s e c t i o n of the upper deck a Variac transformer f o r v a r y i n g the A.C. 
volt a g e t o the e x t r a c t o r f a n was i n s t a l l e d along w i t h 2 r e l a y s . 
These r e l a y s allowed remote c o n t r o l of the power t o the s u c t i o n f a n 
and f i e l d m i l l t o be performed from the observatory, as w e l l as f o r 
automatic s w i t c h i n g of c u r r e n t t o the wet and dry bulb t h e r m i s t o r s . 
The second "Box, which was a l s o heated, was placed between the 
l a t t i c e w o r k a t the f o o t o f the mast. I t contained the e x t r a c t o r f a n 
as w e l l as two gas meters which monitored the f l o w through the space 
charge c o l l e c t o r s . 
Aluminium and alkathene tube of diameter 1 inch was mainly used 
f o r the s u c t i o n pipes as i t was very r i g i d and could be b o l t e d t o 
the mast. I n s i d e the box however rubber t u b i n g was used as t h i s 
c ould be compressed w i t h J u b i l e e hose c l i p s and the f l o w through 
each instrument thereby c o n t r o l l e d . 
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As the exhaust fumes from the e x t r a c t o r f a n contained h i g h 
q u a n t i t i e s of p o s i t i v e space charge i t was thought d e s i r a b l e t o 
discharge t h i s some distance away i n order t h a t i t would not be 
measured by the space charge c o l l e c t o r s . For t h i s purpose the 
fumes were l e d , v i a 12 cm diameter asbestos f l u e - p i p e s , t o a p o i n t 
some 50 m d i s t a n t where the p r e v a i l i n g wind would c a r r y the charge 
away from the mast. 
Wooden cross-members were b o l t e d onto the mast w i t h ' j 1 b o l t s 
t o provide easy f i x i n g of the s t e e l p l a t e s c o n t a i n i n g the space charge 
c o l l e c t o r s and head u n i t s . However, because of the considerable 
weight of these u n i t s and the d i f f i c u l t y i n assembling them together, 
i t was decided t o h a u l the completely assembled u n i t t o the top of 
the mast w i t h b l o c k and t a c k l e . The most s u i t a b l e p o s i t i o n f o r the 
upper c o l l e c t o r was probably j u s t below the arm of-the mast a t a h e i g h t 
of about 18 m, as i n t h i s p o s i t i o n the arm would considerably reduce 
the enhanced p o t e n t i a l g r a d i e n t due t o the mast. Also the i n t a k e of 
the c o l l e c t o r s would face i n t o the p r e v a i l i n g winds. This would 
mean t h a t the m a j o r i t y of r e s u l t s would be obtained when the a i r 
d i d not f i r s t pass through the mast and hence lose ions of one s i g n 
a t the surface of the mast due t o the h i g h p o t e n t i a l g r a d i e n t . I n 
order t o f i x the t o p space charge c o l l e c t o r i n p o s i t i o n a template 
was used f o r c o r r e c t assembly of the wooden cross-members, and then 
the a c t u a l space charge c o l l e c t o r u n i t was e a s i l y b o l t e d on w h i l s t 
s t i l l b e i n g h e l d by the b l o c k and t a c k l e system. 
The 70 f t . cables connecting the v i b r a t i n g reed electrometer 
head u n i t and main a m p l i f i e r u n i t were w e l l w i t h i n the manufacturers 1 
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recommended l e n g t h l i m i t of 100 f t . 
The psychrometers which were f i x e d onto the mast w i t h ' j ' 
b o l t s a t \ m, 1m, 2 m and 19 m faced n o r t h so t h a t a low sun would 
not shine d i r e c t l y i n t o the Intakes. 'Whilst i n use the water con-
t a i n e r s had f r e q u e n t l y t o be c l e a r e d of i n s e c t s and r e f i l l e d , and 
the m u slin covers f o r the wet bulbs were replaced whenever they 
became d i r t y . 
The anemometers were e a s i l y supported as t h e i r main sh a f t s had 
tapered plugs a t the end which were i n s e r t e d i n t o tapered sockets 
permanently f i x e d on stands. I n the case of the lower anemometer 
a handy-angle stand was erected on the ground some J m from the mast 
socket 
and the brass / permanently f i t t e d a t 1 m. During hours when 
re c o r d i n g was not t a k i n g place t h i s anemometer was moved indoors. 
The upper anemometer was f i x e d a t a h e i g h t of 17 m p r o t r u d i n g t o 
the west of the mast and was h e l d i n p o s i t i o n by handy-angle 
supports. Owing t o the d i f f i c u l t y of t a k i n g t h i s upper instrument 
indoors d u r i n g periods of p r e c i p i t a t i o n a cover could be lowered over 
i t on k brass rods and a heater i n the form of two 60 watt bulbs 
connected i n s e r i e s was placed i n a box j u s t below i t . The lower end 
of the cover, which was normally \ m above the anemometer cups, could 
be lowered over the anemometer t o meet the heater u n i t by the h e l p 
of a p u l l e y and a l o n g w i r e which s t r e t c h e d t o the f o o t of the mast. 
This upper anemometer was placed lj[ m below the space charge c o l l e c t o r 
so t h a t i t would not impede any a i r l i k e l y t o be sucked i n t o the 
c o l l e c t o r . 
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The upper f i e l d m i l l had been b u i l t and was being used by-
Mr. C o l l i n , but he k i n d l y o f f e r e d i t f o r my use d u r i n g f i n e 
weather periods. This was fastened onto the p l a t f o r m a t a he i g h t 
of 21 m and was i n v e r t e d . I n the c a l i b r a t i o n t h a t Mr. C o l l i n had 
performed he had allowed f o r the h i g h ecposure f a c t o r due t o the 
mast. 
The lower f i e l d m i l l was placed i n the surface of the e a r t h 
t o e l i m i n a t e any e f f e c t s caused by i t s framework, and i n order t o 
e l i m i n a t e any e f f e c t s due t o the mast i t was f i x e d a t a distance 
of 30 m from i t s base. As dampness was l i k e l y t o be a b i g f a c t o r 
i n a f f e c t i n g the m i l l * s performance the hole i n which i t was f i x e d 
was concreted and the handy-angle supports cemented f i r m l y i n t o the 
base of the hole. Heating bulbs were placed i n the h o l e , and damp 
a i r could escape through a v e n t i l a t i o n hole near the surface; t h i s 
a l s o aided the e n t r y of wires. A i m square aluminium cover was 
placed over the f i e l d m i l l f l u s h w i t h the ground and a c i r c u l a r hole 
was cut i n the aluminium through which the r o t o r o f the f i e l d m i l l 
p r o t r u d e d very s l i g h t l y . When t h i s instrument was not i n use a 
cover could be placed over i t t o prevent r a i n from e n t e r i n g the hole. 
The cathode f o l l o w e r w i t h i n the f i e l d m i l l case was permanently 
switched on so t h a t immediately power was su p p l i e d t o the motor a 
s i g n a l would be obtained. The h e a t i n g from t h i s valve would a l s o 
h e l p t o keep the e l e c t r i c a l components dry. 
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When c a l i b r a t i o n of the m i l l was t o be performed an aluminium 
t a b l e w i t h wooden legs \ m hi g h orould be dropped over the instrument 
and w i t h the a i d of a w i r e from the t a b l e top t o the observatory 
d i f f e r e n t p o t e n t i a l s could e a s i l y be a p p l i e d between the t a b l e and 
earthed f i e l d m i l l r o t o r . 
A l l cables from the "bairns t o the observatory were c a r r i e d about 
30 cm above the surface on stakes, so t h a t grass and weeds d i d not 
grow over and hide them; they then passed through a channel under a 
path near the observatory b u i l d i n g which they entered through a hole 
i n the w a l l . 
I n s i d e the observatory a 2 KVA i s o l a t i o n transformer s u p p l i e d 
power t o the bosses i n the f i e l d . This was a s a f e t y p r e c a u t i o n as 
one side of the mains i s normally very close t o e a r t h p o t e n t i a l and 
t h e r e f o r e only the l i v e l e a d needed t o be a c c i d e n t a l l y touched w h i l s t 
a person was on the mast f o r him t o receive a severe shock. With the 
a i d of the i s o l a t i o n transformer however both sides of the mains would 
have t o be h e l d t o receive t h i s e l e c t r i c shock. 
During i n i t i a l t e s t i n g of the equipment the f i e l d m i l l output 
was observed t o have v a r i a t i o n s superimposed on the s i g n a l once every 
minute, and only a f t e r extensive observations was t h i s r e l a t e d t o a 
pulse system used i n an adjacent hut housing seismometers. This pulse 
was being f e d back up the mains e a r t h l e a d and onto the screening of 
the c o a x i a l cable from the f i e l d m i l l . To overcome t h i s d i f f i c u l t y 
and a l s o t o e l i m i n a t e e a r t h c u r r e n t s which were f l o w i n g i n the 
v i b r a t i n g reed electrometer outputs the e a r t h connections were a l t e r e d 
t o be f i x e d t o a s i n g l e p o i n t on the mast. 
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There was a l s o t r o u b l e w i t h the u n d e r f l o o r h e a t i n g system of 
the observatory b u i l d i n g . As t h i s switched on, the mains supply 
v o l t a g e dropped from 2J0 V t o 220 V. This d i r e c t l y a f f e c t e d the 
f i e l d m i l l power packs as the f i l a m e n t v o l t a g e a l s o dropped 20$ 
thereby a f f e c t i n g the a m p l i f i e r output considerably. A constant 
v o l t a g e transformer was t h e r e f o r e obtained t o overcome t h i s d i f f i c u l t y . 
I n order t o rewind the data tapes f o r i n t r o d u c i n g i n t o the 
computer, two 16 mm f i l m winders w i t h a k:l gear r a t i o were f i x e d 
onto a wooden base. The tape spool from the recorder was f i x e d on 
one side and the tape was rewound onto a c e n t r a l core p r o t r u d i n g 
from a brass disc f i x e d t o the other side. This allowed the rewound 
tape t o be e a s i l y s l i d o f f the core and st o r e d i n boxes. 
RECORDING PROCEDURE AND ANALYSIS 
During r e c o r d i n g a d e t a i l e d l o g was kept. This gave d e t a i l s of 
the past and present weather c o n d i t i o n s , a m p l i f i e r s e n s i t i v i t y and 
psychrometer temperature ranges. I n f a c t any observed event which 
might have some i n f l u e n c e on the i n f o r m a t i o n b e i n g recorded was 
noted. 
A l t o g e t h e r about 300 hours of r e c o r d i n g have produced 750 f t . 
of r e c o r d which has been analysed. This was made up of records 
obtained on over 75 days i n the past twelve months. 
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The output cycle on the data tape i s repeated every 32 channels 
and the i n f o r m a t i o n i n every channel i s represented by an i n t e g e r 
between 0 and 100. Of these 32 numbers 16 are r e f e r r e d t o l i n e a r 
r e l a t i o n s h i p s and an easy a r i t h m e t i c a l sum can be performed t o o b t a i n 
the c o r r e c t value. The remaining 16 values have t o be i n t e r p o l a t e d 
from 10 non-linear graphs of which 2 are f o r wind c a l i b r a t i o n s and 8 
f o r temperature c a l i b r a t i o n s . The computer programme has t h e r e f o r e 
t o accept 32 numbers a t a time, and perform operations on each number 
before p r i n t i n g the r e s u l t s i n column form, where v a r i a t i o n s and 
gradients can e a s i l y be observed. The output would be of space 
charge, f i e l d and wind a l l a t 2 l e v e l s , dry bulb temperature a t k 
l e v e l s and absolute humidity a t k l e v e l s . F o r t u n a t e l y i t i s j u s t 
p o s s i b l e t o f i t them a l l on one l i n e of the t e l e p r i n t e r output. I n 
order t o i n t e r p o l a t e from the non-linear c a l i b r a t i o n curves i t would 
be extremely d i f f i c u l t t o f e e d i n a l l the numbers on the x-axis and 
the corresponding values on the y-axis each c o r r e c t t o 1$, as t h i s 
would take up too much computer time a t the commencement of each run. 
A much b e t t e r method i s t o f i n d the equations of the curves, from 
which, on f e e d i n g i n a value from the x - a x i s , the value of y i s 
found t o an accuracy of l<fo. 
The E l l i o t t 803B computer performed the operation f o r f i n d i n g 
the equations of these curves by accepting the values of x and y 
obtained i n the c a l i b r a t i o n s , and f i t t i n g a polynomial t o them 
using the method of orthogonal polynomials. This i t e r a t i o n process 
was described by G.E. FOESYTHE (1957)• Given p a i r s of values 
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( x . , y . ) , j = 1, 2, ..., m, the programme computes a s e r i e s of p o l y -
nomials P x ( x ) , P 2 ( x ) , e t c . , where 
P, ( x ) i s of the form C + C x 
1 o a 
P ( x ) i s of the form C + C x + C x 2 
2 0 1 2 
P„(x) i s of the form C + C x + C x 2 + C x s 
3 0 1 2 3 
and so on Up t o P ( x ) i f m > 21 or P/ . x ( x ) i f m < 20. Each of 
these polynomials P. ( x ) i s such t h a t i f y . . = P^x..) then the sum of 
X"1 . .X the squares of the d e v i a t i o n s ) .(y*-y.,*J i s a minimum. The data 
/ -. J 1 J J 
tapes are preceded by the number m and a l s o a value 6 which determines 
whether or not the d e v i a t i o n of any p a r t i c u l a r value of y. . from the 
i j 
c o r r e c t value of y. should be punched. The c r i t e r i o n i s t h a t ( y . - y . . ) 
0 J- i j 
w i l l be p r i n t e d i f and only i f |y.-y. J -> &|y| where y i s the mean 
value () y.j)/m. I n each case 5 was chosen t o a l l o w the d e v i a t i o n t o 
be p r i n t e d only i f the e r r o r was g r e a t e r than 1$. The output gives, 
f o r each polynomial i n t u r n , the sum of the squares of the d e v i a t i o n s , 
the number of p o i n t s which l i e b o t h above and below the l i n e and the 
maximum negative and p o s i t i v e d e v i a t i o n s . A lso p r i n t e d , where necessary, 
i s the important value of j ' f o r each case where the d e v i a t i o n i s such 
t h a t 
y r y i j > 5 as w e l l as i t s d e v i a t i o n . When t h i s l a t t e r term i s 
y 
not p r i n t e d the computed curve i s w i t h i n Vfo of the c a l i b r a t i o n curve. 
The f i n a l p r i n t out f o r each polynomial i s a l i s t of the c o e f f i c i e n t s 
of P ^ x ) each preceded by i t s associated power of x» I t i s t h e r e f o r e 
immediately seen when an equation i s reached s a t i s f y i n g the c o n d i t i o n s 
r e q u i r e d and the programme can be stopped* The polynomials computed 
ranged from degree 3 t o degree 6 and the c o e f f i c i e n t s were quoted 
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c o r r e c t t o f o u r f i g u r e s . 
I t i s recommended t h a t the values of x and y he p o s i t i v e i n the 
i t e r a t i o n process used, and t h e r e f o r e f o r the temperature curves the 
values of temperature were r a i s e d by 10°C w h i l s t the recorder values 
ranged from 0 t o 300. The 0-300 range i s based on the f a c t t h a t 5 
temperature ranges were used i n recording, each covering 10°C, and 
t h e r e f o r e -5°^ o n the recorder i s represented by 0 and 23 C by 300* 
So, f o r example, i f the range on a p a r t i c u l a r day was from 10° t o 20° 
then 150 would be added t o the number on the data tape by the computer 
be f o r e i n t e r p o l a t i o n commenced, and then 10°C would be subtracted from 
the c a l c u l a t e d value t o a r r i v e a t the temperature required. 
The computer w i l l now c a l c u l a t e the exact values of space charge, 
f i e l d , wind and temperature b u t the values of absolute humidity s t i l l 
remain t o be c a l c u l a t e d . The.values from t a b l e s are once more un-
s u i t a b l e f o r feeding i n t o the computer b u t i t i s possible t o o b t a i n 
h u m i d i t y values by considering the pressure-temperature curve f o r 
s a t u r a t e d water vapour. 
TEMP 
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T D i s the dry bulb temperature, the wet bulb temperature and 
T the temperature of dew p o i n t w i t h p^, p^ and p t h e i r corresponding 
maximum s a t u r a t i o n vapour pressures of water. Regnault's formula f o r 
psychrometers w i t h strong a s p i r a t i o n r a t e s , namely 
P - P w - O.OOO656 H(T D - % ) 
gives the value of p which i s the pressure of aqueous vapour corres-
ponding t o and T^. H i s the atmospheric pressure and f o r the 
purposes of t h i s p r o j e c t i s taken t o be 1000 mb; i n t h i s formula T 
i s measured i n degrees centigrade* The value of p i s d i r e c t l y pro-
p o r t i o n a l t o the value of absolute humidity or vapour d e n s i t y of the 
a i r and i t i s t h e r e f o r e considered s u f f i c i e n t t o c a l c u l a t e p i n s t e a d 
of the absolute humidity. Once more however the equation of the curve 
must be found i n order t o o b t a i n p ^ from T^ but t h i s can be obtained 
from the Clausius-Clapeyron equation. This equation i s 
s / x L 
"dST ( V 2 V i = T 
where e i s the s a t u r a t e d water vapour pressure, v and v are the 
" X 2 
s p e c i f i c volumes i n the l i q u i d and vapour s t a t e r e s p e c t i v e l y , L i s 
the l a t e n t heat of v a p o r i s a t i o n and T i s the temperature. But by 
and 
assuming v » v , / t h a t the p e r f e c t gas laws h o l d then 
d e s _ L dT 
e s R T 2 
where R i s the s p e c i f i c gas constant f o r water vapour. By i n t e g r a t i n g 
t h i s equation, and p u t t i n g i n values of e and T from the range t o be 
used i n order t o f i n d the constant of i n t e g r a t i o n , the f o l l o w i n g was 
SI S2 F2 VJ1 W2 
90 120 70 2.9 4.5 
90 120 70 3 = 2 3.8 
80 110 90 2-6 3-5 
70 130 70 2«5 4.1 
60 120 90 3«1 5-0 
60 120 70 3«0 4.5 
90 120 90 2-5 4.6 
80 110 90 3-4 4.6 
80 150 90 2.9 4.6 
100 190 110 3»2 4.3 
240 310 130 3.1 4.3 
240 230 130 3 ' 0 4.6 
280 210 130 3«6 4.7 
240 190 110 4 .1 4.6 
170 230 130 3-2 4.4 
3.8 200 240 110 3*0 
210 140 110 3«4 4.5 
140 140 90 3«1 5.4 
90 110 110 3.8 5.1 
100 110 90 3.4 5.0 
80 150 90 3 .4 5 0 
110 220 90 3.4 5.2 
180 240 90 3.1 5*2 
270 80 70 3.6 5-5 
110 40 70 3*2 6.0 
50 30 70 3«7 5.5 
30 50 70 3.7 4-7 
10 40 70 3.0 4.7 
10 80 90 2 .9 4..3 
40 70 90 3.1 4.7 
50 90 110 2.8 4.8 
80 140 90 3.0 5.3 
80 110 90 3-4 5-3 
60 110 70 3-4 4.6 
70 110 110 3.1 4.4 
80 110 90 3-6 4.8 
80 130 110 3-2 3.8 
80 140 70 3-1 4.0 
110 110 90 2.3 3-9 
80 80 70 3.0 5.2 
70 70 70 3.8 6.0 
70 60 70 4.4 6-3 
50 80 70 4.2 5«9 
70 80 70 3.6 5.3 
70 40 50 3.5 6.3 
40 50 50 4.0 5.8 
20 100 90 3.6 4.6 
50 120 70 3.0 3.4 
90 120 70 2.9 3.6 
110 100 70 2.8 3-5 
150 90 70 2*6 3-4 
110 90 50 2 .9 2-9 
60 100 50 3-1 3-5 
50 60 50 3-1 4-3 
60 0 30 3-4 4.7 
10 -10 50 4.0 5«0 
-10 20 70 4.0 4.6 
0 10 50 4.2 4.5 
-10 10 30 3-9 4.5 
-10 20 50 3»4 4.4 
10 50 50 2.4 4.1 
30 60 30 2.4 4-0 
40 60 50 1.9 4.5 
90 60 50 2.0 4.4 
70 40 50 2.2 5 .0 
50 30 30 3 .0 5.4 
20 30 30 3.2 5.9 
-60 30' 10 2.8 5.5 
20 30 30 2.4 4.8 
30 40 30 2 »5 5«0 
10 30 50 3-2 5.0 
0 30 50 3.0 4.5 
0 50 50 3.0 4.5 
10 30 50 2.8 4.6 
30 70 70 2.7 5*1 
30 50 70 2*5 4.6 
T1 T2 T3 T4 
18.2 18.2 17*7 15*6 
1b«2 16,0 17.8 15.8 
17.8 18.1 17.8 15.7 
18.2 18.2 17*9 15*8 
18.1 18.0 17*9 16.1 
$ 18.0 17-8 15*7 
17«8 17.6 17«6 15.4 
17-6 17-4 17-1 -i5'3 
18.0 17.7 17*6 15'6 
18.5 13. G 17.7 15-S 
18.2 13.1 13.0 15«8 
18.J 18.J 13.0 15.8 
18.8 13.6 13.1 16.4 
13.8 18.7 18.5 16.5 
13.5 13.2 18.1 16.0 
19.2 19.0 13.6 16.5 
19.2 19.0 18.9 15.9 
18.7 18.7 18.5 16.0 
13.6 13.3 18.2 16.1 
FIGUIE k2. 
VP T VP2 VP3 VP4 
12.31.12»12 ,12»10 11-64 
1.1»10: fg.24 12.22 11.13 
13.91.12.52 11.83 11.19 
12-72 11.95 11 • 76 11O0 
12-78 12.07 11.76 10.96 
$ 12.24 12.03 11-08 
12.01 11.30 11.41 10.93 
12.89 12-26 11.89 10-99 
I. 2.84 12-08 11.98 11.31 
13.05 12.41 -!2»29 11.41 
12.72-.12.0.1 11-50 10.47 
12.47 11 -55 .11*31 10*97 
.12.86' 12.34 12.19 11.11 
12.10:11.25 11.40 10.16 
12.2& 11.95 11-42 11.01 
•13.01 12.45 11.71 10«55 
I I . 67 11.03 10.92 10.41 
11.78 10.91 11-02 1C35 
: 12 .03. t1.38 "11.1.6 10-46 
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obtained 
log e a = 21a6k& -De s T 
where T i s i n °K and e B i n mb. 
The computer was now able t o f i n d the value of Ity by equating 
the exponential of the R.ILS. of t h i s equation and hence the vapour 
pressure was founds I h i s process was repeated by the computer f o r 
a l l It- wet and dry bulb temperatures i n each block of 32 numbers from 
the data tape. The computer programme was now complete and i t accepts 
32 numbers at a time from the data tape, performs a l l the operations 
j u s t described and punches the results inside 20 sec before immediately 
accepting another block of results. 
As an example of the time saved, the results obtained from a run 
of only 3 hours on the computer corresponding to 8 hours recording, 
would take a person 1 week (j x 2k hours) of continuous work to 
calculate^ 
Fig. k-2 i s a photograph of the output from the computer. The $ 
sign s i g n i f i e s the rare occurrence where an error has been punched on 
the data tape. 
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CHAPEER 8 
RESULTS 
1. SPACE CHARGES OVER SNOW 
Introduction 
Space charge concentrations at two d i f f e r e n t heights, 1 m and 
2 m respectively, were recorded during the winter of I963-I4-. During 
t h i s period there were many occasions of f r o s t y conditions but only 
few occasions on which snow covered or p a r t i a l l y covered the ground. 
Before discussing the results i n greater d e t a i l i t w i l l be wise to 
consider b r i e f l y some results previously obtained of the charge i n 
the a i r over snow. 
I t seems t o be generally agreed that the blowing of snow may 
account f o r the high positive p o t e n t i a l gradient i n wintry condi-
tions. SIMPSON (1919) found large and usually positive values of 
pot e n t i a l gradient when there was d r i f t i n g snow, whilst SCRASE (1937) 
suggested that when ice crystals c o l l i d e d with one another the ice 
retained a negative charge and a positive charge i n the form of ions 
was passed to the a i r . NORINDER and SIKSNA (1955) showed that when 
snow i s blown,small i n v i s i b l e snow p a r t i c l e s carrying several hundred 
electronic charges are passed to the a i r . Recently however MAGONO 
and SAKURAI (1963) found negative charge l y i n g above positive i n the 
f i r s t metre and positive space charge above that. During conditions 
of melting DINGER and GUNN (19I+6) reported that when a stream of a i r 
passed over melting ice the a i r obtained a negative charge and the 
ice retained a positive charge. MATTHEWS and MASON (1963) f a i l e d to 
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confirm t h i s but DINGER (196*0 has suggested that the presence of CO 
i n t h e i r ice would eliminate the charging e f f e c t on gas bubbles 
released i n the melting. 
Results obtained 
On four separate occasions the p o t e n t i a l gradient at the surface 
and the space charge density at 1 m and 2 m were recorded continuously 
f o r periods of several hours whilst snow was l y i n g on the ground. 
There ware also recordings on occasions when dry snow was l y i n g on 
neighbouring high land and wh i l s t there were f r o s t y conditions without 
snow at Durham. Information on the state of the ground i n the area 
surrounding Durham was obtained from the various Meteorological Office 
stations and consulting the records that the Durham County Water Board 
had obtained from t h e i r resevoir station reports. Usually under normal 
circumstances i t was not uncommon for^space charge density to be as 
large as +500 e cm""3 but f o r convenience we w i l l regard values greater 
than +400 e cm"3 as being unusual. I n winter months a t o t a l of 
approximately 150 hours of record was obtained on 26 d i f f e r e n t days 
from which there were nine records where the space charge exceeded 
+k00 e cm""3. On seven of these occasions i t was clear and f r o s t y and 
dry snow lay on the h i l l s surrounding Durham on four of them. During 
the remaining months of the year another 150 hours of record d i d not 
show one occasion on a clear day i n which the space charge density 
even approached +400 e cm""3. 
The records obtained from the four occasions when snow lay on the 
ground a t Durham w i l l now be considered further. These were 
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(A) 19 December 1963 1300-1900 hours 
(B) 20 December I963 1330-1800 hours 
(C) 17 March 1964 15^-18^0 hours 
(D) 20 March 1964 1000-1215 hours 
and i t w i l l be seen l a t e r that period (C) i s of outstanding interest. 
The values of humidity, wind speed and d i r e c t i o n were obtained from 
the Observatory records and together with the space charge and poten-
t i a l gradient values the information i s shown i n Table 4. 
During periods (A) and (B) the snow was not melting and there 
was a clear sky. On these two occasions the space charge and poten-
t i a l gradients were continuously positive and although space charge 
was not recorded at 2 m i n period (B) the values at 1 m and 2 m i n 
period (A) were i n very close agreement with one another. During 
periods (C) and (D) the snow was melting rapidly and On the former 
occasion the p o t e n t i a l gradient was twice measured at 1 m as wel l as 
the usual 0 m and 21 m. I n the l i g h t surface winds of period (D) the 
p o t e n t i a l gradient at the ground was constantly negative w h i l s t the 
space charge values at 1 m and 2 m kept close together and remained 
negative. However during period (c) the wind speed was considerably 
higher and the space charge was always negative at 1 m and always 
positive a t 2 m from the s t a r t of the record u n t i l 1800 hours; a f t e r 
t h i s time, as can be seen i n Fig. V? the space charge values slowly-
approached one another and coincided at about 1830 hours. On the 
two occasions when the p o t e n t i a l gradient records during t h i s period 
were available at a l l three levels they showed that the value was 
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more positive at 1 m than at the surface but less positive at 21 m 
than at either of these two heights. 
Table 5 shows values of space charge and p o t e n t i a l gradient on 
two occasions during period (c) and Figs. k~5-k6 show various portions 
of the space charge and p o t e n t i a l gradient records i n periods (A), (C) 
and (D)» 
Table 5 
Space charge and p o t e n t i a l gradient i n period C 
15^ 2 hours 1638 hours 
At 21 m +330 Vnr 1 +220 Vm"1 
2 m +100 e cm - 3 
1 m +6^ 0 Vm"1 -150 e cm"3 +500 Vm-1 
0 m +iK)0 VnT1 
During period C the snow was very wet and certainly not blowing 
and the p a r t i a l snow cover was rapidly disappearing. Routine observa-
tions of the state of the ground were i n f a c t carried outsat the Durham 
University Science Laboratories s i t e seme 1 Km distant from the obser-
vatory and w h i l s t reference t o snow was made at 1500 hours there was 
no such reference at 1800 hours. A new f a l l of snow occurred p r i o r to 
period (D) but t h i s was melting rapidly and was noted to have completely 
disappeared by 1500 hours. I t can be seen on reference t o Table k that 
period (D) was accompanied by very misty conditions and the r e l a t i v e 
humidity approached 95$. The high negative values of p o t e n t i a l gradient 
10lu 
and space charge associated -with misty conditions w i l l be discussed 
l a t e r i n t h i s Chapter where i t w i l l be shown that they are probably 
caused by corona discharge at high tension cables i n damp conditions, 
which gives an excess of negative ions to the atmosphere as suggested 
by CHALMERS (1952K 
The wind during periods (A) and (B) was between W and NW and the 
reports compiled at stations on the high moorland approximately 25 Km 
i n t h i s d i r e c t i o n from Durham were of f i n e f r o s t y conditions with 
blowing snow. During period (C) the SE wind approached from the high 
land on the Yorkshire moors some Km distant ait once more the reports 
from t h i s area were of dry blowing snow. A l l the l o c a l weather stations' 
reports f o r period (D) referred to melting snow and widespread mist or 
fog. 
Discussion 
The persistence f o r a period of 3 hours i n period (C) of d i f f e r e n t 
p o l a r i t i e s of space charge at 1 m and 2 m i s the most s t r i k i n g feature 
of these observations. With a wind speed of some 10 m sec""1 there must 
have also been strong turbulent mixing and hence a separation of charge 
i n the proximity of the space charge collectors. The f a c t that t h i s 
space charge difference f a l l s t o zero on the disappearance of the snow 
leads one to wonder i f the charge separation was caused by the melting 
process i n the snow. Figs, and k6 i l l u s t r a t e these features. The 
p o s s i b i l i t y that the high wind blowing over the snow would i t s e l f cause 
t h i s charge separation was ruled out as i n periods (A) and (B) which 
had wind speeds and presumably mixing comparable with those i n (C), 
21 
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the space charge pattern was quite d i f f e r e n t . Also i n period (D) 
where there was melting snow but no appreciable wind the space 
charge pattern was again d i f f e r e n t . I t seems reasonable to assume 
therefore that the charge separation noticed i n (C) was due t o the 
combination of the melting process and the accompanying high winds. 
There was perhaps the p o s s i b i l i t y that instrumental f a u l t s could 
cause errors i n the recorded values, but the f a c t that a zero check 
had been carried out on the apparatus f o r some 3 hours immediately 
p r i o r t o the record and f o r a b r i e f s p e l l during the record appear to 
rule out t h i s as a source of error. Moreover, f o r the 160 or so hours 
i n which the collectors were i n s t a l l e d at 1 m and 2 m, there was only 
the one occasion where the two records diverged f o r more than 1 min. 
There was therefore every reason t o have confidence i n the equipment, 
especially because the space charge results seemed to be confirmed by 
the p o t e n t i a l gradient values. Fig. Vf gives an impression of the 
e l e c t r i c a l state of the atmosphere at one instant i n period (c). The 
t o t a l space charge per u n i t area column shown i n t h i s f i g u r e i s 
deduced from Poisson's equation and shows the deviation from the 
normal f i n e weather value. During t h i s period the humidity records 
point t o an upward movement of water vapour. 
There i s a p o s s i b i l i t y that the f i e l d m i l l at 1 m which was 
inverted and calibrated allowing f o r an exposure f a c t o r would perhaps 
suffer an error i n concentrations of high space chargej but the 
recorded values at t h i s l e v e l were too small to introduce serious 
errors. Using Poisson*s equation applied to the p o t e n t i a l gradient 
106. 
at 0 i and 1 m the space charge at 1638 hours was calculated to be 
-55OO e cm"3, and s i m i l a r l y by using the 1 m and 21 m po t e n t i a l 
gradient values the space charge i n t h i s region was +770 e cm"3. 
The corresponding value almost 1 hour e a r l i e r at 15^ 2 hours was 
+860 e cm"3. This high upper positive space charge density agrees 
closely with that obtained during periods (A) and (B) and can be 
associated with the observed blowing snow from the surrounding highland. 
From Figo k-J i t appears that the negative space charge layer i s 
situated very close to the ground especially because the calculated 
value of space charge from 0-1 m was -5500 e cm~* and the recorded 
value at 1 m was Only -130 e cm-"3. Charge separation occurring at 
the surface would account f o r t h i s reading i f the positive charge 
remained on the melting snow, or very close to the ground, and the 
negative charge was blown i n t o the a i r . 
I f a f i n e weather value of +100 V m™ 1 i s assumed form the poten-
t i a l gradient, then by applying Poisson's equation t o the p o t e n t i a l 
gradient r e s u l t s , the deviations from the normal value of the space 
charge per u n i t area column are calculated to be -550>OCK) e cm - 2 
between 0 and 1 m, -2,000 e cm""2 between 1 and 2 m and +l,i*60,000 e cm - 2 
between 2 m and 21 m. These differences y i e l d an excess of +692,000 
e cm - 2 above the normal f o r heights greater than 21 m. The negative 
space charge recorded at 1 m and positive at 2 m implies that there 
i s a charge separation very close to the collectors which i s detected 
before being dispersed, even by the winds with speeds of between 7 and 
Ik m sec" 1. These results are also consistent with the process des-
107. 
cribed by Dinger and Gunn i n 19k6 and Magono and Kikuchi i n 19^ 3 i n 
which the melting snow l i e s on the ground and gains a positive charge 
wh i l s t the negative charges are released at the surface under condi-
tions of strong winds» This process seems t o be v e r i f i e d by the f a c t 
that the space charge i n the atmosphere reached i t s more usual state 
a f t e r the snow had disappeared from the near v i c i n i t y of the i n s t r u -
ments. I t i s u n l i k e l y that t h i s process occurs i n period (D) as there 
i s no difference i n space charge densities at 1 m and 2 m. The wind 
however was much l i g h t e r being only about 3 m sec""1. 
In conclusion therefore i t can be stated that the charge separa-
t i o n occurs when wind speeds of about 10 m sec™1 blow over rapidly 
melting snow. These results are of interest because of the fundamental 
role which ice and water play i n the modern theories of cloud e l e c t r i -
fication,. 
2. SPACE CHARGES PRODUCED BY POINT DISCHARGE FROM TREES DURU1G- A 
THUNDERSTORM 
Introduction 
Point discharge i s the phenomenon which occurs i n high e l e c t r i c 
f i e l d s at raised points. There i s a l i m i t e d region of very much 
enhanced f i e l d close to the point i n which, i f the f i e l d i s large 
enough, there i s a p o s s i b i l i t y of ionisation by c o l l i s i o n . Depending 
on the sign of the p o t e n t i a l gradient, ions of one sign w i l l t r a v e l 
i n t o the point w h i l s t ions of the opposing sign w i l l move away from 
the point t o form what i s known as corona space charge. I f the space 
charge produced at the point i s measured then the current through the 
108. 
point can be estimated, MAIMD and CHALMERS (1960) detected such 
space charge by measuring a difference i n p o t e n t i a l gradient at 
places upwind and downwind of a discharging point. 
There i s a p o s s i b i l i t y that a similar process could occur at 
natural objects such as trees and t h i s could be a very important 
process i n the transfer of charge between clouds and ground. I n the 
past some measurements have been i n accord with such a process whilst 
others have f a i l e d to show i t . The results about to be discussed 
indicate the occurrence of point discharge at trees and a calculation 
of the current per tree i s performed. Two methods have been employed 
i n measuring the current through a tree. SCHOKLAND (1928) cut down 
a small tree and supported i t on insulators but, w h i l s t i t was then 
easy t o measure the current through the tree, i t soon Med. MILHER 
and CHALMERS (1961) inserted electrodes i n t o a tree thus short 
c i r c u i t i n g some of the current through i t and t h e i r results showed 
evidence f o r point discharge currents; CHALMERS (1962) however, 
whi l s t comparing results from t h i s tree with those from a nearby 
a r t i f i c i a l point, found that at the time of a close l i g h t n i n g f l a s h 
the currents through the point and the tree did not correspond 
exactly. MAUND and CHALMERS (1960) detected space charges produced 
from a l i n e of trees but found no such e f f e c t from an isolated tree 
which was expected t o give point discharge currents. However i t was 
pointed out that t h i s tree was i n f u l l leaf and the results indicated 
that a tree i n leaf gives r i s e t o less point discharge than a tree 
which i s not i n leaf. 
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The p o t e n t i a l gradient between earth and cloud would be expected 
t o increase with a l t i t u d e i n the presence of corona space charge but 
the measurements of SIMPSON and SCRASE (1927) and SIMPSON and 
ROBINSON (1940) f a i l e d t o show t h i s and therefore great doubt was 
expressed as t o whether such space charge was produced at trees* I n 
order to obtain the r e l a t i o n between r a i n currents and point discharge 
currents however, the presence of t h i s space charge and also the 
increase of po t e n t i a l gradient with height are required, as pointed 
out by SIMPSON (19^9) and CHAIMERS (l95l)° Measurements during 
thunderstorms have often showed that the p o t e n t i a l gradient changes 
Sign a f t e r a l i g h t n i n g f l a s h and t h i s phenomenon can be explained by 
the presence of corona space charge. However FRIIER (1962) obtained 
results from which he deduced that there was no change of conductivity 
below a thunderstorm and therefore corona space charge was not 
produced, but CHAIMERS (196k) argues against these results. 
Results 
On the afternoon of Tuesday A p r i l 21st I96J4- there had been very 
heavy r a i n f a l l but no li g h t n i n g . However, a f t e r the r a i n had stopped 
a number of l i g h t n i n g flashes occurred between 1520 and 1550 hours 
G.M. T. The wind speed varied between 2. k and 5 .4 m sec" 1 frombetween 
directions of 125° and 175°" 
During the storm the p o t e n t i a l gradient had been recorded at 1 m 
and 20 m at intervals of 19 .2 sec, but only a f t e r the r a i n had ceased, 
namely 1532*20 G.M»To, was space charge recorded although v i s u a l 
observation was carried out f o r 1 min. previous t o thiso The results 
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obtained are shown i n Fig. 48 where the space charge and p o t e n t i a l 
gradient values are p l o t t e d separately although they were o r i g i n a l l y 
recorded on the same axes. In order to obtain the exact times of the 
li g h t n i n g flashes reference was made to some continuous recordings 
made at the Science Laboratories s i t e by Mr. I.E. Owolabi, and on 
the occasion where thunder was heard i t was marked on the record at 
the instant of hearing. The times given are consistent among them-
selves but may d i f f e r by up t o f i v e minutes from G.M.T. There are 
more l i g h t n i n g flashes marked on the record but these did not give 
any int e r e s t i n g records f o r space charge. 
Three periods seem to be worth investigating; these are 
(A) The f a i r l y steady conditions from 1555.^5 to 1537.30 hours. 
(B) The conditions a f t e r the main l i g h t n i n g flash at 1537.30 up to 
15^1.00 hours. 
(C) A f t e r the e a r l i e r l i g h t n i n g f l a s h at 1532.30 up to the steady 
conditions at 1535*^5 hours. 
The recordings of the p o t e n t i a l gradient during period (A) gives 
average values of +750 Vnf"1 at the top of the mast and -160 Vm"1 at 
1 m. Also during t h i s time,,the average space charge density at the 
upper collector was -3120 e cm - 3 whilst the lower collector registered 
-2670 e cm™3. The l i g h t n i n g f l a s h at 1537-30 caused the p o t e n t i a l 
gradients t o decrease quickly and the time constant f o r t h e i r 
recovery was approximately 25 sec. For a few seconds a f t e r t h i s 
f l a s h the space charge a t the two levels remaind constant but then 
i t went rapidly positive with the greatest rate of change f o r the 
upper collector occurring kl sec a f t e r the f l a s h . The values reached 
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maxima of 4200 e cm"*3 at the top and $k00 e cm~s at the f o o t of the 
mast, and a period of about 3 min a elapsed before they returned to t h e i r 
o r i g i n a l negative values. As can be seen from Fig. k-8 a similar state 
of a f f a i r s occurred a f t e r the f l a s h at 1532.30 i n period (C) and v i s u a l 
observations showed negative space charge of about -kOOO e cm - 3 p r i o r 
to the f l a s h . 
Discussion 
The results point to the p o s s i b i l i t y of point discharge somewhere 
to the windward of the mast producing the positive space charge recorded. 
The posit i o n of the point discharge area can be calculated by measuring 
the time from the l i g h t n i n g f l a s h to the instant where the greatest rate 
of increase of space charge occurred i n the upper collector, and by 
knowing the wind speed the distance can be estimated. The wind speed 
at the top of the mast varied between 2..K and ^>.h m sec" 1 and i n kl sees 
t h i s corresponds t o distances of between 98 and 221 m. A map of the area 
i s shown i n Fig. ^9 and the shaded area shows the region i n which t h i s 
corona space charge appears to have been formed. By studying t h i s 
shaded portion i t seems most l i k e l y that t h i s space charge originated 
at the l i n e of trees bordering the road and the house to the north. 
The houses to the south were completely dominated by the adjacent 
trees and can therefore be neglected. I t i s interesting to note that 
the trees were at t h i s time i n bud but not yet i n leaf. I n order to 
obtain the average distance between trees a tape measure was obtained 
and a more accurate map drawn before estimating the average li n e a r 
separation t o be about 3 . 4 m between each tree. 
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During period (A) there i s a p o t e n t i a l gradient difference 
hetween the two f i e l d m i l l s of 920 Vm-1 and there i s an average 
space charge density of -2900 e cm - 3. Using Poisson ,s equation 
t h i s space charge density corresponds to a 1050 Vm""1 difference 
between the two f i e l d m i l l s , and wh i l s t t h i s i s only lk$> more than 
the observed value there could be three factors tending to cause 
the error. I n the f i r s t , p l a c e there i s possibly a non-uniformity of 
space charge throughout the height of the mast, w h i l s t another error 
would be caused by corona space charge produced at the mast i t s e l f 
which, when t r a v e l l i n g with the wind, would a f f e c t the upper m i l l 
more than the lower one. F i n a l l y an error could arise i n the c a l i -
b r a t i o n of the m i l l s due to the exposure factors, as these factors 
were determined i n ordinary f i e l d s and not under conditions of 
excessive space charge. I n these l a t t e r conditions the space charge 
w i l l have a similar e f f e c t on both m i l l s and therefore using the 
calibrated exposure factors the lower m i l l w i l l record a greater value 
than i t should whereas the upper m i l l w i l l record a lower reading. 
During period (A) the space charge i s reasonably constant at -2900 
e cm""0 and i t i s therefore possible to calculate approximately the 
average current per tree provided the height of the space charge layer 
i s known. I t i s d i f f i c u l t t o estimate such a height however and 
therefore i t i s more r e a l i s t i c to measure values of current per tree 
which must then be m u l t i p l i e d by a height factor. As the wind was 
blowing at an average speed of 3 . 9 m sec""1 the t o t a l current per metre 
length perpendicular to the wind d i r e c t i o n can be estimated t o be 
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O.O36 oA reaching the height of the mast. This however could be 
the value up to a point several times the height of the mast thereby 
giving a much greater current. The tree separation of 3 « ^ m therefore 
gives a current value of 0 .12 uA per tree, to be m u l t i p l i e d by t h i s 
unknown factor due to the height of the space charge. 
I t i s possible t o estimate the corona space charge a f t e r the 
l i g h t n i n g f l a s h per metre length of trees i n the horizontal layer 
between the ground and the top of the mast by calculating the area, 
under the peak i n the space charge curves of Fig. 46. The t o t a l 
charge per metre length of trees was calculated to be 7.65 uC and 
by assuming that the p o t e n t i a l gradient remained negative f o r 25 sec 
the average current per tree was about 1.0 uA which again had t o be 
mu l t i p l i e d by the uncertain spread factor. These values are of the 
order to be expected because the immediate current a f t e r a f i e l d 
change would be greater than the steady current, due t o the f a c t that 
the space charge would not have had time to b u i l d up and oppose the 
l o c a l f i e l d a t the point. 
The negative change of p o t e n t i a l gradient when the l i g h t n i n g 
occurred gives an impression, at f i r s t sight, that the cloud i s of 
negative p o l a r i t y (positive charge at the bottom) which i s not the 
most common type of cloud. However t h i s change could be caused by a 
fl a s h w i t h i n a cloud of positive p o l a r i t y i f the fl a s h was fu r t h e r away 
than the reversal distance which i s usually about 7-10 Km. The f a c t 
t h a t , as the sky cleared, the p o t e n t i a l gradient was negative suggested 
that the cloud was of negative p o l a r i t y but t h i s information i s not 
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important. Referring again to the peaks i n the space charge record 
of Fig. 48 i t i s of interest to notice the delay i n a r r i v a l of the 
corona space charge to the bottom collector. This shows that the 
wind speed i s lower closer to the surface than at the top of the mast. 
Also turbulence has distributedthe corona space charge reasonably 
uniformally i n such a short distance as the charge collected by the 
lower instrument was only 25$ below that collected by the upper 
instrument. 
These results indicate that corona space charge i s formed during 
a thunderstorm' at trees which are i n bud and the amounts are similar 
to those l i b e r a t e d by a r t i f i c i a l points. Hence the estimates of the 
t o t a l point discharge currents below clouds seem to be accurate and 
t h i s process must be important i n the transfer of charge between 
clouds and earth. 
3. AN ELECTRODE EFFECT DUE TO THE MAST AMD SPACE CHARGE COLLECTOR 
Introduction 
When the two space charge collectors were situated at 1 m and 
2 m respectively there were very few occasions on which the two 
records were p r a c t i c a l l y i d e n t i c a l . However, when the upper collec-
t o r was i n s t a l l e d at 19 m there was often a recorded difference of 
space charge between the two levels. As more records were obtained 
i t became evident that the upper collector reading was inversely 
correlated to the upper wind speed and when there was a strong gust 
of wind the 1 m and 19 m records converged. I t then seemed that an 
electrode eff e c t existed towards the top of the mast. 
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There are two d i f f e r e n t effects l i k e l y t o be produced which 
would depend on the wind speed, wind d i r e c t i o n , potential gradient 
and small ion concentration. For the purposes of explaining these 
effects consider that the space charge density i s constant and 
positive and i s being measured at 1 m and 19 m, pot e n t i a l gradient 
i s being measured at the surface and wind at the top of the mast. 
KIRKMAltf (1956) measured the p o t e n t i a l gradient perpendicular to the 
mast structure on a 33 m mast at a point 10 m below the top. He 
found that t h i s value was 125 times greater than that at the surface 
of the earth at a point well clear of the mast. I t i s reasonable to 
assume therefore that the p o t e n t i a l gradient i s enhanced about 100 
times near the 19 m collector and whereas at the foot of the mast i t 
w i l l be reduced. I t i s also not unreasonable to assume that the small 
ion concentration i s about 500 cm"3 f o r each sign, and to neglect the 
e f f e c t of large ions owing to t h e i r very low mobility. I n the v i c i n i t y 
of the 19 m collector the small ion speed i s l i k e l y to be comparable to 
the horizontal wind speed and thus i n the a i r l y i n g close to the 
collector there w i l l be a very much enhanced positive space charge. 
I f the wind blows from the rear of the collector some of t h i s positive 
charge w i l l be carried by the wind and drawn into the intake of the 
collector as shown i n Fig« 50(a). The instrument w i l l thus record a 
higher positive value of charge density than the value expected at that 
l e v e l i f the mast had not been there. I f the horizontal wind speed was 
increased t h i s electrode effect would be reduced, and as the wind speed 
f a l l s so the electrode effe c t w i l l increase. This effect i s i l l u s t r a t e d 
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i n Fig. 50(b),. The 19 m charge density i s greater than that at 1 m 
due to the electrode effe c t but as the low wind speed increases or 
decreases so the upper charge responds inversely. 
' Another point to consider i s when the p o t e n t i a l gradient at the 
ground changes sign as i n Fig. 51(a)* I f the surface p o t e n t i a l 
gradient changes by 50 V ^m™1 i n 1 min and changes sign, i t corresponds 
to a change from +0.5 Vm""1 to -O.5 Vm"1 i n 2 sec, or from +50 Vm""1 to 
-50 Vm"1 i n 2 sec at the 19 m l e v e l on the mast. Thus i f the wind 
speed i s approximately 0,5 1 sec""1 a small mass of a i r w i l l take 2 sec 
to pass the space charge collector. During t h i s time the p o t e n t i a l 
gradient w i l l change from +50 Vm""1 to -50 Vm""1 and the speed of 
a t t r a c t i o n to the collector of the positive small ions i n t h i s cubic 
centimetre w i l l change from +0.5 cm sec - 1 to -O.5 cm sec - 1. I n a 
O.5 cm layer of a i r very close to the mast therefore, the space charge 
density could change from +500 e cm - 3 to -5OO e cm""3 w i t h i n two seconds 
and the recorded output would be as i n Fig. 51 ( a )« 
These two i l l u s t r a t i o n s j u s t described show one aspect of the 
electrode e f f e c t on the mast but another e n t i r e l y d i f f e r e n t r e s u l t 
i s l i k e l y which can be explained as follows. Consider that the wind 
speed i s very low and i s blowing through the mast structure before 
a r r i v i n g obliquely behind the intake of the space charge collector. 
An electrode e f f e c t similar to that described w i l l - therefore be i n 
operation. However, assume that the surface p o t e n t i a l gradient i s 
+100 Vnf*1 and hence the small ion speed at 19 m w i l l be 1 m sec"™1. 
I f the advection i s low enough there i s a p o s s i b i l i t y that a l l the 
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positive small ions that blow through the mesh of the mast, which is 
approximately 1 m at t h i s l e v e l , w i l l be f i l t e r e d to the structure, 
and hence the normal electrode e f f e c t would not occur owing to there 
being very few or no positive small ions l e f t i n t h i s pocket.of a i r . 
Referring to Pig. 51(b) therefore, i n the f i r s t case the electrode 
effect causes an increase of positive space charge i n the 19 m 
collector with a further increase as the wind speed drops. A point 
w i l l be reached when very few or no smsiXl p o s i t i v e ions remain i n the 
a i r at t h i s l e v e l as they w i l l have been f i l t e r e d out, and hence there 
w i l l be a rapid change of sign of space charge. The downward movement 
of positive small ions w i l l be affected by the enhanced f i e l d at the 
top of the mast and these w i l l therefore not reach the l e v e l of the 
recorder. 
With these effects j u s t described, an increase of p o t e n t i a l gradient 
would presumably have an effect similar to a decrease In advection arid 
vice versa, whereas i f the wind was from such a direc t i o n as to blow 
d i r e c t l y into the intake of the collector the effect would be reduced 
or eliminated. The electrode effe c t due to the mast and collector can 
therefore cause an excess of space charge at the. 19 m le v e l w i t h i n the 
range of the small ion concentration of approximately _+500 ions cm"""5. 
There w i l l be no noticeable difference i n the po t e n t i a l gradient caused 
by such an electrode effect and i t can thus be distinguished from other 
effects. 
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Results 
There have been many occasions where the effec t shown i n 
Fig e 50(b) has been observed* A copy of such a record can be seen 
i n Fig. 52 where the wind speed measured i s at 18 m, the p o t e n t i a l 
gradient at the ground and space charge at 1 m and 19 m. I t w i l l be 
noticed that the 19 m space charge density approaches the 1 m reading 
when the wind' increases* Also p l o t t e d on the same record i s the 
difference i n space charge densities between the 2 levels which shows 
the inverse correlation with wind speedo Hie wind dire c t i o n on t h i s 
occasion was from the rear to the f r o n t of the collector. I t can also 
be seen that there i s no inverse correlation between wind and space 
charge at the 1 m l e v e l ; t h i s i s presumably because the small ion 
speed at the 1 m collector w i l l be of the order of l/kOO that at the 
19 m c o l l e c t o r 
The ef f e c t i l l u s t r a t e d i n Fig. 51 ( a ) ' w a s noted to occur on ten 
occasions. On these days the wind speed was once more low and from a 
dir e c t i o n to the rear of the collector, and the p o t e n t i a l gradient was 
f l u c t u a t i n g from positive to negative. One such record i s shown i n 
Fig. 53 where the space charge concentration changes suddenly by over 
kOO ions cm - 0 to a value that prevails f o r some ten minutes whilst the 
lower space charge reading follows a more stable path. The values 
quoted f o r the calculations performed e a r l i e r whilst r e f e r r i n g to 
Fig. 51(a) are similar to those i n t h i s example and w i l l therefore 
not be repeated. I t could be argued that the a r r i v a l of a cloud of 
negative ions at the upper l e v e l causes the sudden changes on a l l ten 
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occasions but does not extend to the 1 m l e v e l . However, by 
applying Poisson's equation to the kOO ions cm~^ change i n ion 
concentration and the JO Vm"*1 change i n p o t e n t i a l gradient, the 
thickness of the layer of space charge causing the changes would 
be only 5 m thick. The l i k e l i h o o d that t h i s i s the cause of the 
sudden change i n space charge concentration at 19 m, persisting f o r 
several minutes, therefore seems unreasonable. 
J i g . 5^ - i s a t y p i c a l record on a day where there was a strong 
wind blowing d i r e c t l y i n t o the intake of the collectors and i t i s 
seen that the electrode effe c t does not appear to exist on these 
occasions. 
There were four periods when the effects referred to i n Fig. 51 (b) 
were noticed under low wind conditions. I n each of these cases the 
upper wind speed dropped to a value lower than 0.1 m sec" 1 and with 
a positive p o t e n t i a l gradient the upper space charge readings became 
e r r a t i c , making frequent excursions to values of between -200 and -500 
e cm"3. The more usual state of a f f a i r s returned when the wind speed 
increased. Of the four occasions referred t o , one of which i s 
i l l u s t r a t e d i n Fig. 55 , two occurred on the same day separated by a 
period of one hour and the other two occasions were on d i f f e r e n t days. 
I t was at f i r s t thought that i t was by chance that the drop i n wind 
occurred at the same time as the v i o l e n t space charge movements to 
negative values. However another record was obtained which lasted 
f o r over kO min showing similar effects and i n which the wind speeds 
were higher and from the d i r e c t i o n of the mast to co l l e c t o r ; but the 
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p o t e n t i a l gradient i n t h i s case was over +J00 Vm"1. During the whole 
of t h i s period the top space charge record was very e r r a t i c and had 
frequent excursions to values of -500 e cm whilst the lower reading 
did not appear to be affected. This record i s shown i n Fig. 56 and 
calculations show that the ion speed of 3 m sec" 1 at the 19 m l e v e l 
i s high enough to f i l t e r out nearly a l l the positive small ions with 
the wind speed as observed. 
Occasionally records have been obtained showing negative space 
charge at 1 m and positive at 19 m with positive p o t e n t i a l gradient 
as seen i n Fig.. 57° There i s a p o s s i b i l i t y that the r a d i o - a c t i v i t y 
i n the surface of the earth, and i n the a i r i n close proximity to 
i t , i s giving r i s e to the negative excess. I n considering the 
electrode e f f e c t due to the mast however these assumptions become 
dubious. I f there had been a negative space charge concentration 
throughout the height of the mast due to some other cause, then with 
a positive p o t e n t i a l gradient the upper collector could quite easily 
record a positive value of space charge, whereas the lower collector 
records the negative value. 
Discussion 
There are therefore two electrode effects which can be observed 
by the 19 m space charge collector i n t h i s very much enhanced f i e l d . 
F i r s t l y i f the p o t e n t i a l gradient i s positive and the wind i s s l i g h t 
and blows through the mast or from the rear of the collector, then 
the positive ions migrating to earth are sucked into the collector as 
was seen i n Fig. 5°(a)° Secondly, i f t h i s advection i s extremely low 
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or non existent i n normal f i e l d s , or s l i g h t l y higher i n high f i e l d s , 
the positive ions w i l l a l l be f i l t e r e d from the a i r leaving a negative 
excess to be sucked in t o the space charge collector. I t may at f i r s t 
seem that an allowance could be made i n order to correct f o r t h i s 
e f f e c t i n the upper collector, but the size of the electrode effe c t 
w i l l be dependent on the p o t e n t i a l gradient, wind speed, wind dire c t i o n 
and small ion content i n the a i r at that time. I t appears therefore 
that results obtained with the upper collector under low wind condi-
tions must be treated with caution. However, by observing the wind 
speed and lower space charge concentration i t i s possible to estimate 
the approximate record expected had the electrode effe c t not existed. 
The f a c t that the upper collector i s below the arm of the mast 
w i l l tend to reduce t h i s electrode e f f e c t to a value below what i t 
would have been i f the arm were not there. However, i t appears that 
the p o t e n t i a l gradient i n t h i s region and p a r t i c u l a r l y around the nose 
cone i s s t i l l f a r greater than at the bottom collector. I t can there-
fore be expected that the space charge concentration recorded at 19 m 
can d i f f e r from what might be expected i n the absence of the mast, by 
an amount equivalent to the small ion concentration of approximately 
+500 ions cm-"3. 
k. COiKrVECTIQW CELL MEASUREMENTS 
Introduction 
A number of results obtained during the summer of 196^ suggested 
that convection ce l l s d r i f t i n g under cumulus clouds were responsible 
f o r some sort of charge transport. The results referred to were found 
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only under cumulus conditions and t h e i r e f f e c t became more pronounced 
as the heat of the day increased. F i r s t l y however i t i s wise to 
introduce b r i e f l y three possible convection c e l l structures which 
have been suggested,. The most recent picture of convecture motion 
is that of SCORER and LUDLAM (1953)• Here a bubble of warm a i r breaks 
away from the surface and rises up along a curved path to about the 
inversion l e v e l as shown i n Fig* 58(a),. A wake i s formed under the 
bubble i n which warm a i r rises and t h i s wake blows along the surface 
of the earth. There are some doubts as to whether t h i s wake drags along 
the surface f o r very long but there must be some upward movement of a i r 
from the ground early i n the l i f e of the bubble. A i r c r a f t observations 
have detected these bubbles and there have been suggestions that they 
are between 0.1 and 2.5 Km i n diameter. 
E a r l i e r theories were suggested by DURST (1932.) and EEHARD (1901), 
Durst's idea of convective motion i s that the c e l l u l a r patterns, which 
move with the wind, are separated by gust fronts. Fig. 38(b) stows 
such a pattern i n which the c i r c u l a t i o n shown i s that when the mean 
wind speed has been removed. Inside the c e l l the r i s i n g a i r having 
recently l o s t momentum by contact with the ground i s slow-moving. 
Hie sinking a i r w i l l bring down the higher momentum, lowerr humidity, 
turbulence and direction of the wind from a higher layer. Thus, as 
a gust f r o n t passes an observer the temperature w i l l suddenly f a l l , 
the humidity w i l l f a l l , there w i l l be a sudden ri s e i n wind v e l o c i t y 
and a decrease i n the small scale turbulence. A f t e r the gust f r o n t 
passes the wind speed w i l l gradually decrease as the f r i c t i o n with 
m sec 
2 mm | TIME 
10* 
\ VAPOUR 
PRESSURE 
\ im 
2m\ ma. 
\ 8 
19 m 
20 
/ ' \ 0 - 5 m \ 
/ 1m « \ / 19 
2m TEMP \ 
18 
17 1 
29JUNC » © 4 
16 
FIG. 59 
123. 
the ground surface retards the a i r flow, the temperature w i l l slowly 
r i s e due to the heating up by contact with the surface and the humidity 
w i l l r i s e i f the ground surface i s damp. Hie structure of the Benard 
c e l l i s shown i n Fig. 5 8(c) where there i s an upward motion at the 
centre, diverging motion at the top,and descending motion i n the outer 
regions. "When t h i s c e l l passes an observer the changes i n wind, 
temperature and humidity w i l l be less severe than i n the Durst c e l l . 
Both the Durst and Benard c e l l s are expected to be 1-3 Km i n diameter. 
Results 
During the summer of 196k results were obtained on 8 separate days 
when convection cel l s would be expected owing to the presence of con-
vection cumulus clouds. The results can be seen i n Table 6 where the 
numbers of large cel l s observed are l i s t e d along with the average 
diameters of the c e l l s calculated from the mean period and upper wind 
speed. 
On analysing the records a s t r i k i n g feature is that an increase 
of temperature occurred at the same time as an increase of space charge 
and humidity, and a decrease i n horizontal wind speed. One part of such 
a record i s i l l u s t r a t e d i n Fig. 59 where the d i f f e r e n t variables have 
been separated v e r t i c a l l y . 
Discussion. 
The most important clue as to the o r i g i n of these patterns i s 
that they co-exist with cumulus clouds and are therefore probably 
related to some form of c e l l structure. The average diameter of the 
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observed c e l l s i s 2100 m and they have an approximate period of 9 min» 
In Fig. 59 the r i s e i n temperature recorded i n the f i r s t 2 m of the 
Date Ho. of large Mean Period Average wind Average diameter 
c e l l s min at 17 m m 
m sec" 1 
26/6/6k 8 9 4.0 2200 
29/6/64 7 11 3.6 2300 
2/7/64 3 9 5.8 3100 
6/7/64 4 8.5 4.0 2000 
13/7/64 4 11.5 3-3 2300 
10/7/64 3 6 5.8 2100 
20/7/64 3 9 3.0 1620 
31/8/64 2 6 3.0 1080 
Average 9»0 min 4.0 m sec" 1 2100 
TABLE 6 
DETAILS OF COETVECTION CELLS 
atmosphere could be expected when the wind decreased but t h i s would 
not be expected at 20 m unless there was a pocket of warm a i r passing 
the mast or an upward motion of a i r . On observing the vapour pressure 
record however, as there i s also a rise i n t h i s variable at a l l four 
levels, i t appears that there could be an upward movement of a i r bringing 
with i t the moist conditions from the f i r s t few centimetres above the 
ground. Referring again to Fig. 59 i t can be seen that there i s usually 
a temperature inversion somewhere i n the lowest few metres u n t i l the 
peak i n the variables occurs. This again points t o an upward movement 
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of a i r from the surface to 20 m occurring only, at these peaks. I n 
a l l 5^ + recorded peaks t h i s temperature lapse was recorded and i t was 
not uncommon f o r the immediate conditions before or a f t e r to contain 
an inversion. The evidence of the temperature and humidity variables 
therefore points t o an upward movement of a i r -
The space charge density at both levels often rises by some 
150 e cm w w i t h i n t h i s upward motion and i t appears that i t can be 
caused by two effects* I n the f i r s t case i f an electrode e f f e c t 
exists at the ground then the high positive space charge l y i n g close 
to the ground would be drawn up into the a i r . This i s a reasonable 
assumption because the humidity rises and s i g n i f i e s that the a i r has 
probably been brought from very close t o the surface. 
The second effec t causing the increase i n positive space charge 
could be due to the speed of the small ions and upward wind velocity.. 
I n the p o t e n t i a l gradient recorded t h e i r speed w i l l l i e between 1.5 
and 5 cm sec with no upward a i r motion, but i f there i s an updraught 
at t h i s lower l e v e l , of similar speed, there w i l l be a region of 
increased positive space charge. The reason f o r t h i s Increase i s 
that the two opposite v e r t i c a l forces acting on the positive ions 
would be approximately equal and thus give r i s e to the positive 
enhancement.. The negative ions w i l l move upwards at a velo c i t y 
equivalent t o the sum of t h e i r speed and the v e r t i c a l wind speed. 
The constant production of small ions w i l l replenish the layer when 
those present are neutralised or converted to large ions and carried 
by the wind. 
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Throughout the whole region of upward motion of a i r there w i l l 
therefore be an increase of positive space charge caused by either 
or both of these two effects. However, i n the l a t t e r e f f e c t one would 
expect the value at 1 m to be greater than at 19 m owing to the 
increasing v e r t i c a l component of wind with height which w i l l carry 
ions of both signs upwards. The records show that the upper collector 
i s reading more than the lower collector but t h i s could be a consequence 
of the mast electrode effect. I t w i l l be d i f f i c u l t to determine- the 
actual type of c e l l structure unless continuous records are obtained 
at more land stations close t o the mast. 
5» BEGATIVE SPACE CHARGES 
As was mentioned on page 23, Chalmers (1952) found conclusive 
evidence that negative space charge i s formed at high tension cables 
during periods of mist or fog. Durham i s completely surrounded by 
overhead H.T. cables as can be seen i n Fig. 60 and i t can therefore be 
expected that i n misty or humid conditions there w i l l be a predominance 
of negative space charge. 
There werel^ occasions when records were obtained of persistant 
negative space charge and p o t e n t i a l gradient during daytime conditions. 
On eleven of these days there was mist or fog l o c a l l y thus confirming 
the H.T. cable e f f e c t . The remaining four days a l l had high negative 
space charges and p o t e n t i a l gradients but the sky was cloudless and 
v i s i b i l i t y excellent. During these four days there was one occasion 
when the wind blew from the UW whilst on the other three i t was 
easterly. There Is a p o s s i b i l i t y that wood f i r e s or a l o c a l i n d u s t r i a l 
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source t o the HW caused the negative space charge i n the f i r s t case, 
h u t a more i n t e r e s t i n g explanation was a v a i l a b l e f o r the three occa-
sions when there was an e a s t e r l y wind* On these three days the space 
charge and p o t e n t i a l g r a d i e n t had been c o n s i s t e n t l y p o s i t i v e f o r some 
few hours but on each occasion a t about mid-afternoon the signs of 
ihese v a r i a b l e s r a p i d l y changed. F i g . 6 l i l l u s t r a t e s t h i s p o i n t b u t 
i t w i l l be n o t i c e d t h a t the vapour pressure increases considerably a t 
the same t i n e . However, i t was found t h a t about k-0 min. e a r l i e r a 
m i s t had descended on the coast t o the east and hence around the 
275 
•kQB KV cables i n t h i s region. The wind speed was such as t o cause 
the increase ' of humidity i n Durham min. l a t e r . I n order t o e x p l a i n 
the negative space charge, however, we must assume t h a t i t was formed 
a t the H.T. cables on the coast, and as the n e g a t i v e l y charged m i s t 
blew i n l a n d i t evaporated b u t the charge remained. This would give 
r i s e t o the observed e f f e c t of vapour pressure increase w i t h space 
charge and p o t e n t i a l g r a d i e n t going negative, even though the v i s i b i l i t y 
remained good. 
Recordings were a l s o taken on e i g h t c l e a r b u t humid summer n i g h t s 
when i t was n o t i c e d t h a t the space charge and p o t e n t i a l g r a d i e n t 
readings were c o n s i s t e n t l y s l i g h t l y negative. This could be explained 
by dew forming on the i n s u l a t o r s of the H.T. cables i n the n i g h t a i r 
so t h a t negative ions would be formed i n the same way as d u r i n g misty 
c o n d i t i o n s . 
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6. SPACE CHARGE PULSES CAUSED BY STEAM-EHGIHES 
There have been many occasions -when the p o t e n t i a l gradient and 
space charge records have shown p o s i t i v e pulses which l a s t f o r 
approximately k min. and a t times occur approximately once i n 4-5 min. 
These have occurred i n t u r b u l e n t a i r when there has been no noti c e a b l e 
change i n wind speed and temperature,, but the humidity has r i s e n 
sharply f o r the same p e r i o d of time as the charge concentration. An 
example of such a pulse i s shown i n F i g . 62. The observed charge 
concentrations could not e x i s t f o r long i n a t u r b u l e n t atmosphere as 
the d i s p e r s i o n process w i l l be q u i t e r a p i d . This i n d i c a t e s t h a t the 
p o s i t i v e charge has occurred f a i r l y l o c a l l y . 
MUHLEISEN- (1953) and CHALMERS (1952) both r e p o r t e d p o t e n t i a l 
g r a d i e n t increases of over 200 Vnf"1 near t o steam locomotives and as 
there i s a main l i n e r a i l w a y running n o r t h and south only Km from 
the Observatory, t h i s seemed a pos s i b l e reason f o r the charge pulses. 
I t was very d i f f i c u l t t o associate a p a r t i c u l a r pulse w i t h a p a r t i c u l a r 
t r a i n , and as passenger t r a i n s on t h i s l i n e are now a l l p u l l e d by 
d i e s e l locomotives i t was d o u b t f u l i f such a r i s e of humidity would 
be associated w i t h t h i s type of t r a i n . However, steam-engined goods 
t r a i n s pass a t l e a s t three times per hour and a greater humidity r i s e 
would be expected i n t h i s case. 
Other p o i n t s of i n t e r e s t which tend t o confirm the above sugges-
t i o n s are, a) t h a t such r a p i d pulses were not n o t i c e d on days when 
the wind d i d not approach from the r a i l w a y l i n e s , b ) the p o t e n t i a l 
g radient pulses occurred s l i g h t l y before the upper space charge 
129. 
c o l l e c t o r pulses, which s i g n i f i e s t h a t the cloud of space charge i s 
moving f a s t e r a t the upper l e v e l , and c) w h i l s t exact timetables of 
goods t r a i n s were not a v a i l a b l e there were c e r t a i n periods during the 
day reserved f o r them and these could be associated w i t h the observed 
pulses. 
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CHAPTER 9 
C0NCLUSI0HS 
AMD SUGGESTIONS FOR FURTHER WORK 
The space charge c o l l e c t o r medium proved t o have e x c e l l e n t 
f i l t r a t i o n p r o p e r t i e s , as i t a b s t r a c t e d over998$ of the small ions 
from the a i r a t c e r t a i n f l o w r a t e s , and i t was t h e r e f o r e i d e a l f o r 
t h i s purpose. I t was unfortunate however t h a t the m a t e r i a l could not 
be used during periods of p r e c i p i t a t i o n . The only f a u l t seems t o be 
the p o s s i b i l i t y of ions being f i l t e r e d t o the mast s t r u c t u r e before 
being sucked i n t o the intake b u t i t would be advantageous i f i t could 
c o n s t a n t l y face i n t o the wind. 
The a n a l o g u e - t o - d i g i t a l converter proved t o be of inva l u a b l e 
help. The design i s such t h a t any f a u l t s can q u i t e e a s i l y be t r a c e d j 
a l s o , owing t o i t being constructed w i t h s o l i d s t a t e devices, and the 
only mechanical p a r t s other than the punch being microswitches, f a u l t s 
should be very l i m i t e d . I t w i l l be of great h e l p t o anyone who wishes 
t o use the recorder i n the f u t u r e where an accuracy of Vjo i s adequate. 
Without i t s assistance i t would have taken months t o analyse the 
r e s u l t s t o the same extent. W h i l s t i t can be argued t h a t i t took 
three months t o b u i l d the converter, t h i s time was b e t t e r spent 
l e a r n i n g the a r t of c i r c u i t development instead of performing 
countless hours of c a l c u l a t i o n s . 
Of the r e s u l t s obtained probably the most important when con-
s i d e r i n g any f u r t h e r work i s t h a t of the electrode e f f e c t on the mast. 
I t was found t h a t there were two d i f f e r e n t forms of t h i s e f f e c t caused 
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by the enhanced p o t e n t i a l g r a d i e n t towards the top of the 'mast. One 
was caused by the enrichment of ions near the surface of the c o l l e c -
t o r , as described on page 115, being blown by the wind i n t o the 
volume of a i r being sucked i n t o i t . This e f f e c t becomes more pro-
nounced w i t h a lower wind speed. Hie other e f f e c t i s caused when a i r 
f i r s t blows through the mast s t r u c t u r e before reaching the c o l l e c t o r . 
Ihere i s a p o s s i b i l i t y t h a t i f the advection i s low enough and the 
p o t e n t i a l gradient h i g h enough then the small ions of s i g n s i m i l a r t o 
the p o t e n t i a l g r a d i e n t w i l l be a t t r a c t e d t o , and n e u t r a l i s e d a t , the 
mast s t r u c t u r e , thereby l e a v i n g an excess of ions of the other sign. 
I t i s d i f f i c u l t t h e r e f o r e t o estimate the space charge density a t the 
top of the mast i f the a i r i s not blowing d i r e c t l y i n t o the c o l l e c t o r 
and the e r r o r can be considerable and e i t h e r p o s i t i v e or negative. 
I t may be concluded t h e r e f o r e t h a t space charge concentrations 
measured near the top of such a mast must be t r e a t e d w i t h considerable 
caution. 
Another most important r e s u l t was t h a t a separation of charge 
seemed t o occur a t the surface of r a p i d l y m e l t i n g snow* This separa-
t i o n may be explained i f we assume t h a t a negative charge was given t o 
the a i r and a p o s i t i v e charge remained on the snow during conditions 
of high wind speeds. On the other hand i f there was dry snow i n the 
v i c i n i t y of the c o l l e c t o r s or on neighbouring high l a n d and there was 
a strong wind, then a high p o s i t i v e charge was measured i n the a i r , 
presumably c a r r i e d by small p a r t i c l e s of snow. 
I t was also found w i t h o u t much doubt t h a t a t the time of a 
nearby l i g h t n i n g f l a s h corona space charge was produced a t t r e e s 
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•which were i n bud. 
Cal c u l a t i o n s showed t h a t the c u r r e n t through t r e e s i n t h i s p e r i o d 
were s i m i l a r t o those found by other observers t o be l i b e r a t e d by 
a r t i f i c i a l p o i n t s . Hence i t appears t h a t previous estimates of the 
t o t a l p o i n t discharge currents below clouds seem t o be accurate and 
t h i s process must p l a y an important r o l e i n the t r a n s f e r of charge 
between cloud and ground. 
I n t e r e s t i n g r e s u l t s were obtained during periods when convection 
c e l l s were apparently a c t i v e . A t the time of temperature and humidity 
peaks the space charge density rose. This occurred a t the a r r i v a l of 
t h a t p a r t of the c e l l i n which a i r was moving up from the surface. 
The increase i n space charge was probably due t o an electrode e f f e c t 
close t o the surface, from whence the space charge was drawn by the 
upward movement of a i r . This a d d i t i o n a l space charge and water vapour 
o c c u r r i n g a t the same time seems t o v e r i f y t h a t both these e f f e c t s 
come from very close t o the surface. Another reason f o r t h i s increase 
i n charge concentration would be i f the upward movement of a i r was of 
s i m i l a r speed t o the downward movement of small ions due t o t h e i r 
m o b i l i t y , hence c r e a t i n g a r e l a t i v e l y s t a ble space charge l a y e r . 
Negative space charge was found t o be predominant d u r i n g misty 
c o n d i t i o n s and overnight i n humid c o n d i t i o n s . This appears t o o r i g i -
nate a t the overhead H. T. cables surrounding Durham. An i n t e r e s t i n g 
e f f e c t was observed when mi s t was covering the cables some 9 miles t o 
the east of Durham. The e a s t e r l y wind c a r r i e d a h i g h negative concen-
t r a t i o n of charge i n t o Durham which was enj o y i n g summer cond i t i o n s of 
c l e a r sky and e x c e l l e n t v i s i b i l i t y . 
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The f i n a l outstanding observations of space charges was when 
pulses of hi g h charge concentration a r r i v e d , presumably from r a i l -
way engines t r a v e l l i n g on a l i n e Km from the mast. 
I t appears t h a t i t w i l l be u n p r o f i t a b l e t o c a r r y out much more 
recor d i n g of space charges towards the top of the mast, but i t w i l l 
be i n t e r e s t i n g t o measure the concentration c l o s e r t o the ea r t h as 
w e l l as the v e r t i c a l component of wind. This would help t o a s c e r t a i n 
whether an ele c t r o d e e f f e c t close t o the e a r t h i s causing the space 
charge increases noted under convection cumulus c o n d i t i o n s . By 
measuring these q u a n t i t i e s a t two more lan d s t a t i o n s i t may become 
po s s i b l e t o detect the s t r u c t u r e of the convection c e l l . 
I t would also be worth studying f u r t h e r the cause of the n i g h t -
time negative space charge t o see i f t h i s does o r i g i n a t e a t the H.T. 
cables. W h i l s t i t has been proved w i t h o u t much doubt t h a t i n s u l a t i o n 
breakdown a t these overhead l i n e s causes negative space charges during 
m i s t , no such evidence has come t o hand t h a t the n i g h t - t i m e e f f e c t i s 
s i m i l a r l y caused. 
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